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OIME-DtMENSIONAL  conductance  in  silicon  mosfets 
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A  review  given  of  experiments  on  the  conductance  of  1-D 
MOSFET's  The  types  of  samples  studied,  the  phenomena  observed 
and  our  theoretical  understanding  of  these  phenomena  are  discussed. 
Particular  attention  is  given  to  the  strong  localization  regime  and  the 
structure  in  the  conductance  as  a  function  of  gate  voltage. 

Over  the  last  several  years  there  has  been  considerable  interest  in  the  conduc¬ 
tance  of  1-D  systems  This  has  been  prompted  at  least  in  part  by  the  growing  body 
of  novel  theoretical  predictions,  as  well  as  the  recent  possibility  of  making  such 
systems  The  range  of  ph  uutr  ia  which  can  be  studied  in  1-D  systems  is  quite  large 
It  is  possible  to  study  both  strong  and  weak  localization.  It  is  conceptually  possible  to 
study  l-D  subband  structure  arising  from  size  quantization  in  an  elementary  particle 
in-a-box  picture  It  is  also  possible  to  explore  the  occurrence  of  resonant  tunneling 
phenomena  (1.2)  in  the  1-D  system 

The  first  1-D  MOSFET's  reported  showed  strong  localization  behavior  (3.4) 
The  dominant  conduction  mechanism  was  by  variable  range  hopping,  and  a  transition 
was  observed  between  1-D  and  2-D  behavior.  This  work  was  done  on  pinched 
accumulation  layer  samples.  Other  workers  (5-7)  have  explored  the  weak  localiza¬ 
tion  regime,  looking  at  both  conductance  and  magnetoconductance  to  elucidate  the 
physics  This  work  was  done  using  both  narrow  gate  (5,6)  and  pinched  type  (7) 
\4*rples  In  the  pinched  accumulation  layer  type  samples  the  experiments  suggest  a 
depanure  from  lowest  order  weak  localization  behavior.  A  notable  feature  of  all  of 
these  experiments  *  the  occurrence  of  structure  in  the  conductance  as  a  function  of 
gate  voltage  The  structure  was  particularly  large  in  the  first  pinched  accumulation 
layer  samples  In  the  main  body  of  this  paper  we  will  preaent  detailed  data  on  this 
struct  iwe .  and  try  to  ends  ret  and  ha  origin 
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The  use  of  inversion  layer  and  accumulation  layer  MOSFET's  to  study  the  physics 
of  a  2-D  electron  gas  has  been  extremely  important  (8).  Probably  the  tingle  most 
important  reature  of  these  systems  Is  the  ability  to  vary  the  Fermi  energy  in  the 
system  simply  by  controlling  the  gate  voltage.  This  can  be  uaed  as  a  powerful  tool 
In  tbe  MOSFET  system  an  electric  field  perpendicular  to  the  interface  between  silicon 
and  silicon  dioxide  produces  an  interface  charge  sufficiently  narrow  to  quantize  the 
electron  or  hole  wave  functions  perpendicular  to  tbe  surface.  The  carriers  are  still 
free  to  move  parallel  to  the  surface  and  thus  form  a  2-D  electron  gas  as  long  as  the 
temperature  is  smalt  compared  to  the  energy  level  spacing  for  motion  perpendicular  to 
thr  surface. 

In  recent  years  1-D  MOSFET  samples  have  been  produced  by  a  variety  of 
techniques  in  order  to  exploit  tbe  ability  to  vary  tbe  Fermi  level  position  to  study  the 
physics  of  conduction  in  a  1-D  system.  Tbe  most  obviou-  technique  for  obtaining  a 
1-D  MOSFET  is  to  use  a  narrow  gate.  Optical  lithography  (6)  has  been  used  to 
produce  gates  as  narrow  as  400  tun.  Electron  beam  lithography  (5)  has  been  used  to 
produce  gates  as  narrow  as  100  nm.  These  techniques  suffer  from  the  drawback  that 
width  variations  of  5  -  10%  are  typically  obtained.  Shadowing  techniques  (9)  can 
result  in  gates  as  narrow  as  10-20  nm.  However,  results  obtained  on  samples 
produced  by  this  method  have  not  yet  been  published.  All  of  these  samples  suffer 
from  a  common  problem  that  the  conductance  curves  exhibit  a  rather  large  hysteresis 
as  a  function  of  gate  voltage  and  irreprodudbility  after  thermal  cycling.  This  proba¬ 
bly  results  from  charge  collecting  on  tbe  surface  of  the  device  adjacent  to  tbe  narrow 
gate  changing  the  effective  width  of  tbe  inversion  layer  channel.  The  problem  is  of 
coarse  most  important  for  tbe  narrowest  devices.  An  attempt  to  overcome  this 
problem  by  defining  a  mesa  structure  (or  the  device  (5)  by  reactive  ion  etching  leaves 
tbe  sides  of  tbe  device  open  to  similar  problems.  This  type  of  structure,  however,  has 
one  big  advantage  It  is  readily  amenable  to  modelling  of  the  potentials,  energy 
levels,  and  electron  distributions.  Only  the  boundary  cooditiont  at  the  edges  remain 
ill-defined 
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ID  MOSFET*  can  also  be  obuiatd  by  >  technique  of  elec  me  field  pinching  of 
the  2-D  electron  gw  in  id  »cc— ilition  layer  MOSFET  (3.4,7)  This  technique  has 
both  advantages  and  dmadvamages  It  reqmrci  no  special  lithography  so  that  samples 
can  be  processed  by  fairly  standard  and  well  characterized  techniques.  No  free 
surface  area  is  located  adjacent  to  the  conducting  channel,  so  that  no  hysteresis  is 
observed  in  these  devices  The  effective  width  of  the  1-D  channel  can  be  altered  by 
voltages  applied  to  the  device  The  major  drawback  to  the  technique  is  that  the 
resulting  devices  cannot  be  readily  modelled,  so  that  the  effective  channel  width  must 
be  inferred  from  rather  indirect  experimental  measurements  The  effective  width  of 
the  conducting  channel  is  believed  to  have  been  varied  between  20  no  and  I  pm  in 
our  previous  measurements  (3.4).  and  from  100  am  to  2  pm  by  Dean  and  Pepper 
(7) 

The  range  of  1-D  phenomena  which  can  occur  impose  different  lestrictions  on  the 
width  of  the  samples  necessary  to  observe  each  phenomenon  In  order  to  observe  a 
I  D  variable  range  hopping,  it  is  necessary  for  the  sample  to  be  narrower  than  the 
average  hopping  length  for  the  electrons  This  was  found  to  be  on  the  order  of  30 
nm  On  the  other  hand  weak  localization  behavior  can  be  observed  when  the  sample 
width  i«  less  than  the  inelastic  scattering  length  This  can  be  greater  than  ljun  in 
these  systems  (5)  Particle  in  a  bos  type  behavior  will  be  easiest  to  obtain  in  the 
narrowest  samples  In  order  to  observe  this  type  of  behavior  it  is  important  that  the 
width  of  the  channel  be  very  uniform  At  the  present  time  no  one  has  presented 
convincing  evidence  for  particle- io-a-hos  type  behavior 

Fig  I  shows  idealized  top  and  cross  section  views  of  our  pinched  accumulation 
layer  samples  The  substrate  is  10  ohm- cm  n-type  <!00>  silicon.  Two  n*  diffusions 
art  useo  as  the  source  and  dram  contacts  to  the  accumulation  layer.  The  two  lateral 
p*  diffusions  are  used  to  control  the  width  of  the  accumulation  layer.  The  electrons 
at  tbe  surface  are  in  effect  pinched  into  a  narrow  region  because  of  the  electric  field 
applied  from  these  control  electrodes  and  arising  from  the  built-in  potential  between 
the  p*  regions  and  the  n-type  substra  e  The  separation  between  the  control  elec¬ 
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trodes  is  about  1  pm.  and  the  length  of  tbe  narrow  conducting  region  is  about  10  pm 
Tbe  gate  oxide  is  30  nm.  thick,  and  the  gale  is  made  of  aluminum. 

In  tbe  actual  device,  shown  In  Fig  2.  the  dimensions  are  seen  to  be  not  nearly  as 
ideal  as  indicated  in  Fig.  I.  In  fact  we  have  no  way  of  ascertaining  the  effective 
width  variations  in  this  type  of  device.  Actually,  we  don’t  even  know  the  width  of  the 
conducting  channel,  except  from  our  analysis  of  the  experimental  data  The  effect  of 
an  applied  gate  voltage  is  two-fold  in  samples  of  this  geometry.  A  positive  gate 
voltage  will  induce  electrons  at  the  surface,  thereby  changing  the  carrier  density  and 
Fermi  energy  Moreover,  it  will  tend  to  broaden  the  width  of  the  accumulation  layer 
channel.  A  negative  bias  applied  to  the  control  electrodes  will  pinch  tbe  channel 
down  to  narrower  widths,  but  will  also  tend  to  change  the  threshold  voltage  and 
thereby  reduce  the  accumulation  layer  carrier  density. 

Our  devices  were  measured  using  an  AC  modulation  of  the  source-drain  voltage 
To  avoid  hot  electron  effects  the  source-drain  field  was  generally  kept  below  2 
mV/cm  The  samples  were  measured  in  a  dilution  refrigerator  Great  care  was  taken 
to  eliminate  extraneous  noise  signals.  In  our  original  experiments  noise  heating  made 
any  measurements  below  about  100  mK  questionable.  In  our  more  recent  set  of 
measurements  this  limit  was  extended  to  about  50  mK.  The  bulk  of  tbe  data  in  our 
original  measurements  were  taken  by  setting  a  gate  voltage  and  varying  tbe  tempera¬ 
ture.  In  our  latest  measurements  we  measured  conductance  as  a  function  of  gate 
voltage  for  fixed  temperature.  Therefore,  the  derived  temperature  dependent  curves 
from  tbe  recent  data  show  somewhat  more  scatter 

The  mass  of  data  needed  to  explore  fully  the  nature  of  the  structure  in  the 
conductance  curves  necessitated  the  use  of  an  elaborate  data  acquisition  system  In 
order  to  obtain  these  data  it  was  necessary  to  build  a  noise  free  voltage  ramp  and  to 
carefully  interface  the  eqaipmeat  to  a  data  acquiattion  system.  The  experiment  and 
the  computer  system  were  dscwyled  by  use  of  active  filters  on  all  interconnecting 
lines  These  measures  were  necessary  to  avoid  noise  besting  of  the  electrons. 
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Typu*J  data  obtained  la  ikii  way  an  shown  in  Fig.  3.  The  Double  feature  of 
there  date  u  the  large  structure  la  the  conductance  ea  •  functioa  of  gau  voltage 
observed  id  this  iyiUo  This  structure  to  reproducible  ia  a  given  sample,  but  varies 
from  sample  to  sample  This  structure  was  not  observed  to  change  over  •  period  of 
more  than  tU  mootfu  and  iukrmi  temperature  cyclings  up  to  300  IL  The  relative 
amplitudes  of  the  peaks  can  be  seen  to  decrease  at  higher  gate  voluges.  The  widths 
of  the  peaks  are  observed  to  increase  with  increasing  gate  voltage.  As  the  tempera¬ 
ture  is  raised,  the  peaks  broaden  sod  the  smaller  ones  gradually  disappear 


These  dsu  look  qualitatively  like  peaks  superimposed  on  a  baseline  when  viewed 
on  a  linear  scale.  For  this  reason  we  will  first  try  to  understand  the  overall  gate 
vulUge  and  temperature  dependences  of  the  conductance  before  cooce ousting  os  the 
peak  structures  themselves  Fig  4  shows  the  umperature  dependence  of  rsprcsenM- 
live  conductance  minima  These  dsu  were  obtained  m  the  original  experiment  by 
•electing  a  gate  voltage  and  varying  the  temperature.  As  we  have  discussed  before 
(3.4).  the  temperature  dependence  at  low  gate  voltages  is  loG  -  T,/l,  and  for  higher 
gale  voltages  goes  over  to  InG  -  Tl/*. 


A  least  squared  fit  to  the  data  was  made  to  the  form  LnG/G0-  -(Tq/T)".  The 
best  fit  espooenu  are  shown  la  Fig.  3.  It  to  clear  from  this  figure  that  the  exponent 
has  a  value  near  1/2  for  low  gate  voltages  aad  shows  a  transition  to  a  value  of  1/3  at 
higher  gate  voluges.  We  have  interpreted  this  result  as  a  transition  from  1-0  variable 
range  hopping  to  2-0  variable  range  bopping  tot  this  system-  This  has  been  discussed 
uo  considerable  detail  In  our  previous  pubheationi  (3,4)  aad  will  not  be  treated  in 


If  the  gate  voltage  to  increased  still  further,  the  conductance  enure  e  weak 
localisation  regime.  We  have  obtained  dau  covering  the  entire  range  from  strong 
locetuetioe,  through  a  transition  region  and  into  the  weak  localization  regime. 
Becsuee  the  aridth  of  the  accumulation  layer  to  smaller  than  the  inelastic  scattering 
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length.  1-D  weak  I 


behavior  to  obaarvad.  These  dau  will  be  i 


One  can  also  obtain  values  for  the  parameter  T0  as  a  function  of  gnu  voltage 
from  the  dau  in  Fig.  4.  To  reduce  experimental  fluctuations,  we  assumed  v-  *  ir 
the  exponents  of  either  1  /2  or  1/3  depending  on  the  gau  voltage  and  tf  aioed 
least  squared  fiu  to  the  remaining  parameters  in  order  to  determine  Tq  «uei  of 

Tq  show  considerable  fluctuations  as  a  function  of  gau  voluge  in  muc!  tine  way 
that  the  conductance  docs.  In  order  to  obtain  averaged  values  foi  0.  >  as 
averaged  over  a  range  of  gau  volugea  to  effectively  average  out  the  peeks*,  structure. 
The  gau  voltage  range  employed  was  ±.03  V.  These  avereged  conductance  values 
show  the  same  umperature  dependence  ea  shown  in  Fig.  4  for  cooducuncc  minima. 
The  values  of  T0  were  then  extracted  from  these  avereged  plou  using  a  least  squared 
fitting  routine.  The  results  of  this  analysis  are  shown  in  Fig.  6  for  both  the  l-D  and 
2-D  regimes.  Essentially  the  same  results  can  be  obtained  by  analysing  the  conduc¬ 
tance  minima.  The  procedure  uaed  gives  slightly  higher  values  for  Tfl  than  using  the 
conductance  minima,  and  emphasizes  the  fact  that  the  behavior  to  the  average  behav¬ 
ior  of  the  dau. 


Thee*  reeulu  are  surprising.  In  the  1-D  regime  variable  range  bopping  theory 
gives  Tq  -  4«/Njk,  whan  1/a  to  the  decay  length  of  the  locaUtnd  wav*  reactions, 
Nj  to  the  l-D  density  of  sutes,  and  k  to  Boltzmann's  constant.  In  the  2-D  regime  Tq' 
•  27a2/wN2k,  where  Nj  Is  the  2-D  density  of  suits  at  tbs  Fermi  energy.  Hers  Nt  to 
approximately  equal  to  HjW,  where  w  to  the  effective  channel  width.  All  of  the 
quantities  which  determine  Tq  were  believed  to  be  slowly  varying  functions  of  gau 
voluge  However,  Fig.  6  clearly  demonstrates  that  Tq  is  an  exponential  function  of 


From  the  curves  one  obtains  IoTq/Tq  q  -  -sV#,  where  T00  aad  a  are  fitting 
parameurs  and  V(  to  the  gau  voluge.  la  the  l-D  regime  a  -  0.1  V1  aad  T00  * 
610  K.  In  the  2-D  regime  t'  ■  13  V'1  and  Tq>q'  «  3.4  x  10s  K.  It  to  interesting  to 
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auic  ih*t  aVa  "  2.  This  could  be  uoderstood  if  one  iwimrd  (hat  a  varied  exponen- 
tully  with  gate  voltage.  Tkia  ■  contrary  to  the  2-D  result  obtained  on  wide  weepies 
( 10).  but  these  narrow  samples  appear  to  behave  differently 

Let  ua  now  turn  our  attention  to  the  peaked  structure  shown  in  Fig  3.  Let  us 
first  consider  the  possibility  that  bune d  beneath  the  mass  of  peaks  is  some  systematic 
structure  arising  from  a  parucle -in- a -bos  quantization  in  our  sample  In  order  to 
evaluate  this  possibility,  we  first  obtained  averaged  conductance  values  by  averaging 
Inti  as  discussed  above  This  was  tbeo  subtracted  from  the  conductance  curves, 
leaving  the  structure  on  a  zero  baseline,  G*.  The  correlation  function 
G/(Vj)G'(Vg+ AVj)  dVg  was  formed,  as  well  as  the  correlation  functions  for  other 
powers  of  Vg  If  any  systematic  structure  bad  been  evident  in  the  conductance 
curves,  it  would  have  showed  up  as  peaks  in  (be  correlation  functions  No  such 
structuic  was  observed  The  correlation  functions  show  only  smooth  featureless 
behavior,  except  in  the  region,  AV(  -  0.  which  corresponds  to  the  width  of  the 
individual  peaks 

To  better  understand  the  origin  of  the  peaks,  let  us  look  at  (he  temperature 
dependence  of  the  conductance  on  a  peak  These  data  arc  shown  in  Fig.  7.  It  is  clear 
that  the  conductance  shows  two  separate  regions  of  temperature  dependence.  These 
curves  can  be  characterized  by  essentially  three  parameters:  T0,  the  slope  for  the 
upper  temperature  region,  T*.  the  slope  for  the  lower  temperature  region,  and  a 
temperature,  T(,  where  the  transition  occurs.  We  use  the  ootation  Tq  for  the  upper 
temperature  region  because  in  this  region  the  peaks  have  disappeared  and  the  slopes 
for  peaks  and  valleys  are  essentially  the  tame  It  is  also  clear  from  the  figure  that  all 
three  parameters  decrease  with  increasing  gate  voltage 

It  is  instructive  to  plot  the  ratios  T,/T0  and  T'/T0  as  a  function  of  gate  voluge 
Thu  is  shown  in  Figs  8  and  9  Since  Tq  varies  exponentially  with  gate  voltage,  it  is 
clear  that  T,  and  T*  both  scale  with  TQ  to  first  order  There  is  some  small  systematic 
dependence  on  gate  voltage  that  remains  as  well  aa  fluctuations  The  fit!  significance 
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of  these  results  is  not  yet  clear,  but  these  dependences  should  be  Instructive  in 
arriving  at  a  theoretical  understanding  of  these  experiments. 

Fig.  10  shows  the  widths  of  the  peaks  plotted  as  a  function  of  gate  voluge. 
These  data  show  a  general  trend  of  increasing  width  with  increasing  gale  voltage.  If 
the  average  density  of  sutea  at  these  gate  voltages  is  essentially  constant,  as  one 
might  well  expect  at  these  high  carrier  densities,  then  this  shows  that  the  energy  width 
of  the  peaks  increases  with  increasing  gate  voltage.  In  our  earlier  publications  (3,4). 
we  argued  that  the  peaked  structure  might  arise  from  fluctuations  in  the  density  of 
states.  Within  this  model,  one  would  expect  that  the  transition  temperature,  Tt.  would 
be  given  by  AE/k,  the  width  of  the  density  of  states  peaks.  Therefore,  T,  would  be 
expected  to  increase  with  gate  voltage  in  a  somewhat  random  way  aa  shown  in  Fig 
10.  However,  we  have  noted  in  Figs.  7  and  8  that  T,  actually  decreases  with  increas¬ 
ing  gate  voltage.  We  have  no  explanation  for  this  apparent  contradiction 

There  ii  another  quantitative  reason  to  question  the  density  of  autca  model  for 
the  structure.  Fig.  9  shows  that  T*/T0  may  obtain  values  as  small  as  0.2.  The 
density  of  sutes  model  would  therefore  require  that  the  peak  density  of  sutes  be  3 
limes  larger  than  tbe  background  for  these  large  peaks.  It  is  hard  to  see  bow  such  a 
large  variation  in  the  density  of  stales  could  arise  from  random  fluctuations  in  this 
system. 

Azbel  (2)  has  suggested  that  the  structure  in  the  conductance  curves  might  arise 
from  a  resonant  tunneling  of  electrons  in  this  1-D  system.  The  theory  shows  that 
electrons  can  tunnel  through  the  entire  sample  if  the  Fermi  energy  has  a  few  very 
select  values  determined  from  the  microscopic  structure  of  the  random  system.  At 
these  particular  values  of  gate  voltage  the  electrons  could  be  expected  to  tunnel 
through  the  sample  with  a  high  probability,  via  resonant  sutes  near  tbe  center  of  the 
•ample.  This  is  a  zero  temperature  theory,  but  In  a  very  natural  way  can  account  for 
the  large  differences  in  conductance.  When  finite  temperature  effacu  are  incorporat¬ 
ed  into  tbe  theory,  tbe  highest  peaks  are  found  to  decrease  with  increasing  tempera- 
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turt  because  of  thermal  broadening  of  the  incident  electron  distribution  We  have 
looked  carefully  in  aO  of  our  km  temperature  data  for  this  effect  No  peaks  were 
found  that  behave  in  this  manner 

One  might  also  consider  whether  or  not  it  would  be  possible  to  have  resonant 
tunneling  in  parallel  with  a  variable  range  bopping  conductance.  This  might  give 
resonance  peaks  on  top  of  s  variable  range  bopping  background  with  the  familiar  InG 
-  -(T0/T)'  2  dependence  When  the  data  were  analysed  to  allow  for  this  possibility, 
the  experimental  results  were  found  to  be  incompatible  with  this  suggestion.  In  effect 
what  we  have  shown  is  that  inelastic  processes,  as  incorporated  in  the  variable  range 
bopping  theory,  are  important  in  this  system  The  theories  of  resonant  tunneling, 
which  we  have  analysed,  have  not  included  these  processes. 

A  modified  resonant  tunneling  theory,  which  adequately  accounted  for  the 
inelastic  processes,  might  explain  out  measurements  We  are  currently  working  oo 
si*ch  a  theory  in  collaboration  with  M.  Ya.  Azbel.  and  the  results  look  very  encourag¬ 
ing 

In  this  paper  we  have  presented  the  result*  of  a  comprehensive  experiment  aimed 
ai  undemanding  the  origin  of  the  peaked  structure  observed  in  all  small  1-D  MOS- 
FET  samples.  We  have  examined  the  characteristic  features  of  the  peaks  and  the 
temperature  dependence  of  the  conductance  associated  with  the  peaks.  In  discussing 
these  results,  it  has  been  possible  to  eliminate  several  candidate  theories  as  possible 
explanations.  However.  H  has  not  yet  been  possible  to  establish  a  complete  theory 
which  can  explain  all  of  our  observations. 

We  thank  M  Ya.  Aabel  for  many  valuable  discussions  on  his  resonant  tunneling 
tbeor*  We  also  acknowledge  the  able  technical  assistance  of  J.  TorncUo. 
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ffe^Ktooonductance  and  Quantized  Cent  In— nt 
in  Narrow  Silicon  Inversion  Layers 
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L.A.  Fetter,  P.M.  Nankiewich,  P.  (iafcbe,  and  D.H.  Temant 

Bell  Laboratories,  Boladel  NJ  07733,  USA 

We  report  conductance  and  Mgietoconductonce  —murementa  on  narrow  sili¬ 
con  inversion  layers  40-200  rm  wide,  with  nobilities  of  1000-5000  acVv-aec  at 
2  K.  At  hicfi  wwy*etic  fields  Shtbnikov-de  Haas  oscillations  are  observed,  but 
at  zero  field  there  still  is  pronounced  structure  in  the  oonckjctance  versus 
electron  density,  with  irregular  spacings  roughly  that  ezpected  from  quantun 
confinement  ('particle  in  a  box')  associated  with  the  lithographically  defined 
width. 

1.  Narrow  Inversion  Layers 

We  are  interested  in  the  transition  fros  two-dimensional  to  cne- 
dijaensionai  conduction  in  the  narrow  silicon  inversion  layers  of  special  108- 
FETa  that  contain  se punts  of  gste  and  channel  as  narrow  as  40  rm.  The  gate 
pattern  is  focasd  by  electron-bsas  lithography  and  tr— ferred  to  the  channel 
by  reactive-ion  etching,  using  the  gate  artel  as  s  self -el  idling  aaak.  The 
narrow  segment  is  sufficiently  long  to  doainate  the  resistance  (conductance) 
of  the  device.  The  fabrication  is  similar  to  that  described  previously  (11 , 
except  that  each  device  contains  only  s  single  narrow  aegnent  about  1  pm  long. 
Alao  the  optically  patterned  aetalli ration  level  la  tizigeten,  which  allows 
hitter-temperature  annealing  of  the  deviate.  The  litho^aphy  on  chips  with 
devices  narrower  than  100  na  was  written  using  a  Rill  lips  400T  Scanning 
(Transadsslon)  Electron  Microscope  with  2  rm  dl— ter  apot  and  120  kaV  beaa 
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energy;  in  that  case  the  liftoff  stencil  was  a  single  well-baked  layer  of 
polymethylmethacrylate  (RM]  100  na  thick.  [21  This  pvc  hl^ily  inifora 
widths,  even  in  the  analleet  devices. 

2.  auhnikov-de  Baas  Naasur— nts 

That  such  narrow  channels  conduct  at  all  is  perhaps  surprising.  In  fact 
the  nobility  of  narrow  channels  inferred  from  the  conductance  aeasureaents  la 
generally  ooeparahle  to  that  of  wider  devices  adjected  to  the  same  process¬ 
ing,  i.s. ,  the  conductance  scales  approxlxately  with  the  width.  Devices 
annealed  at  450  °C  can  have  nobilities  at  liquid  helium  temperatures  greater 
than  5000  ca?/V-sec.  Figure  la  shows  the  Shubnikov-  de  Haas  sagietoconduc- 
tance  oscillations  observed  foe  such  a  deviae,  approximately  140  m  wide.  The 
observability  of  oscillations  at  20  kG  is  a  clear cut  indication  of  excellent 
device  quality.  The  spacing  in  gats  voltage  of  the  peaks  {corresponding  to 
the  Landau  level  structure  of  the  density  of  states)  confirms  that  the  elec¬ 
tron  density  in  the  narrow  channel  can  be  calculated  with  approximately  101 
accuracy  from  the  usual  slapLe  capacitance  formula,  using  the  — wed  oxide 
thickness  of  65  na.  Devices  annealed  at  lower  temperatures,  such  as  250 
have  lower  mobilities  In  the  range  1000-2000  cx^/V-eec.  Figure  lb  abows 
Shihnikcv-  de  Baas  meaeur— nts  on  such  s  device,  110  im  wide  with  i  50  a 
oxide.  The  Landau  level  structure  at  hi£>  fiel<fc  is  leas  pronounced,  se 
expected,  but  still  observable. 

3.  Che-Dimensional  •Particle  In  s  Bos*  Density  of  States? 

bran  in  zero  asgietic  field,  the  deviae  In  Figure  lb  4wws  considerable 
quasiregular  structure  of  the  oonductsnoe  versus  gate  voltage.  Such  structure 
tends  to  be  more  pronotsiced  in  narrow,  low  conductance  samples.  By  analogy  to 
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the  Shubnikov-  de  Haas  effect,  one  expects  that  we  are  seeing  structure  in  the 
density  of  states.  The  density  of  states  could  affect  the  conductance  either 
by  direct  modulation  of  the  scattering  rates,  or  by  indirect  modification  of 
the  nonmetallic  localization  and  interaction  effects  observed  in  narrow  sam¬ 
ples.  (1]  The  ira^utude  and  temperature  dependence  of  the  observed  structure  is 
somewhat  suggestive  of  the  latter  interpretation. 

The  question  then  becomes  vtiether  the  structure  is  statistical  fluctua¬ 
tions  caused  by  the  influence  of  inhomogeneities  on  the  several  thousand  elec¬ 
tron  eigenstates  in  such  a  device,  or  whether  it  reflects  a  regular  organiza¬ 
tion  of  eigenstates  caused  by  quantization  of  the  transverse  electron 
wavef unctions.  In  the  simplest  version  of  the  latter  explanation,  the  enerqy 
of  tne  "particle  in  a  box"  eigenstate*  is  given  fcy 

*  fco*2m*[wJ  2»*^ 

where  lQ  depends  on  the  shape  of  the  potwTFial  well  binding  the  inversion 
layer  tc  the  interface,  p  enuaerates  the  transverse  quantization,  and  K  is  a 
more  closely  spaced  longitudinal  momentum  variable.  Clearly  there  will  be  a 
peak  in  the  density  of  states  whenever  the  Fermi  level  reaches  the  bottan  of 
another  parabolic  sufcband.  We  can  estimate  the  electron  density  at  which  this 
occurs  for  each  integer  p  by  suroning  the  nurber  of  states  below  the  bottan  of 
each  miDband,  which  closely  corresponds  to  the  number  determined  from  the 
usual  2D  density  of  states.  Thus,  peaks  occur  when 

n :  n>*V- 

This  predicts  that  about  a  dosen  b umqb  tftould  be  obmerved  in  Figure  lb,  qua¬ 
drat  i  cal  ly  spaced. 

Cl  ear cut  proof  of  "particle  in  a  box"  behavior  requires  observing  euf- 
fiently  regular  structure  that  the  pacing  can  be  seen  to  have  the  amplitude 
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and  width  dependence  predicted  by  the  simple  theory.  Like  numerous  other  dev¬ 
ices  of  order  100  ran  wide  that  we  have  investigated,  the  structure  rfwwn  in 
Figure  lb  1b  sufficiently  irregular  that  the  agreement  with  theory  is  tantal¬ 
izing  ,  but  inconclusive.  Devices  if>  to  a  factor  of  two  wider  still  diow  saw 
structure,  but  a  characteristic  spacing  for  quantitative  comparison  is  diffi¬ 
cult  to  identify.  Recently  we  have  begun  to  make  devices  iptoa  factor  of 
two  narrower,  and  preliminary  results  are  more  promising,  but  still  incon¬ 
clusive. 

Figure  2  shows  a  comprehensive  data  set  frran  four  devices  varying  in 
width  from  55  to  120  imi,  all  on  the  sane  chip  annealed  at  250  °C.  The  conduc¬ 
tance  (measured  two-terminal)  scales  approximately  with  width.  The  rasters 
Indicate  the  positions  of  structure  predicted  by  the  simple  theory  based  an 
the  width  observed  in  electron  micrographs.  Despite  the  irregularities,  one 
could  argue  that  the  data  shows  the  expected  trend,  since  the  ambers  serve  ss 
a  powerful  guide  to  the  mind  and  eye.  Close  examination  reveals,  however, 
that  Wiort  range  structure  and  longer- range  fluctuations  are  present  in  all  of 
the  curves,  and  the  differences  are  at  best  s  subtle  difference  in  emphasis. 
Moreover,  data  taken  on  a  subsequent  day  in  the  smse  devices  ever  a  narrower 
tangs  of  gets  voltages  Wkjws  different,  and  lass  convincing,  variation  of  the 
structure.  After  prolonged  stress  at  hich  gate  voltages  our  devices  have 
lower  nobilities  and  sore  positive  thresholds,  which  oould  account  for  greater 
disorganisation  of  the  eigenstates.  Nevertheless,  at  the  time  that  this  is 
being  written,  we  consider  the  case  for  "particle  in  a  box"  behavior  unproved. 

(11  M.J.  Skocpol,  L.D.  Jackal,  E.L.  Hu,  R.E.  Howard,  and  L.A.  Fetter,  Ftaye. 

Rev.  Letters  42,  951  (1982) . 

(2]  H.G.  Qraigiaad,  R.E.  Howard,  L.D.  Jackel,  and  P.N.  Hankiewich,  Appl. 

Stays.  Letters  42,  30  (1983). 
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Figure  Captions 
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Fl^jre  1.  ShitmAkov-  de  Baas  oscillations  In  narrow  devices,  (a)  Hi^i  nobil¬ 
ity  device,  (b)  La#  mobility  device.  Also  note  zero-field  structure,  psrticu- 
larly  in  (b) . 

Figure  2.  Zero-field  structure  In  four  dpvices  of  different  widths  cn  the 
sane  chip.  The  mall  rurbere  indicate  the  pattern  of  structure  expected  from 
simple  "particle  in  a  box*  quantization,  based  on  the  measured  device  widths. 
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v.i,e  :  Effects  ui  buLaiiwiurt  Width 

^lIujd  Inversion  Layers 

A  u .  Wt.rrUr.  K.  K .  Choi  <i,d  H.  W:si.lrff 
Yale  University 
New  Has«n.  C„iin. 

Abstract 

t  y  i d»  r..  e  «.f  ^itul  quant  teat  ion  is  oLserved  in  narrow  inversion  lay 
ct,  w*  «ri  l».e  C.t.ti  J(,  inelastic  length  it  greater  than  the  channel 

•  ;  M'i  ’ 1  r  j-.si  one  Jimer.* i-nal  density  of  »tatet  it  detected  by  van- 

:  .  „  it*  t  -,e  !  .» 1 : i a t  ; n  irsistjnre  at  a  function  of  electron  density. 

Wf.n.  the  inelastic  electron  mean  free  path  lin  in  t  silicon  inver¬ 
sion  ,i(*r  is  greater  than  W/pi.  where  w  it  the  vidt*'  of  ttie  channel, 
tr.e  ii*  .1;  ..range*  in  conductance  with  temperature  and  r  •  ff.etic  field  arc 
i.ji  a.  t  et  1st  lv  of  t  one  dimensional  system.1  These  results  fu^'St  that 
sjjtial  ,.iantini  wn  in  the  conduction  properties  will  he  observeable  it 
one  -  at.  1.1. struct  a  uniform  •hannel  width  such  that  W  <  lin. 

t«t  i.^i.inlci  acting  elections,  the  "particle  in  a  bo*  **  quantisation 
icali 1.1 b  the  va:oe  of  Kx  to  values  p(pi/W),  where  p  it  an  integer  > 
1  s  ..  I.  tt. at  a  ’  caw  tooth"  like  density  of  states  arises- 

[  (ry.'-n’X*-  (0 


where  Holt)  is  the  usual  two-dimensional  density  of  state*  and  p  ♦  y  la 
defined  from  the  term  energy, 

n-  C’i 

where  0  *  y  <  1  expresses  the  quaticontinout  nature  of  the  motion  paral¬ 
lel  to  the  boundaries.  Channel  conductance  is  given  in  terms  of  N(E) 

d  =  eV(e)  0 

where  D  is  tire  electron  diffusivity.  Since  D»wi/N(E),  this  "sawtooth" 
density  can  be  observed  only  through  second  order  effects.  Consider  mg 
the  change  in  conductance  due  to  localisation  *  , 

a«:=*  =  (-  */V0Cdt ,,^(4) 

where  the  inelastic  scattering  time 

v(e)[  t>M]UL  (s) 

for  impurity  mitigated  scattering.  1  With  the  dependence  of  diffusivity 

.  — »/a 

upon  density  one  finds  that  fee  aw  [N(E ) !  »».  Similarly  the  conductance 

-J 

change  due  to  elec tron-e lacti on  interaction  4  is  proportional  to«w(N(E)| 
Thus  a  minima  in  the  localisation  resistance  occurs  when  the  Fermi 
energy  is  coincident  with  the  bottom  of  a  subband.  The  relative  mag¬ 
nitudes  of  lin  between  local  extrema  arc  determined  by  compar  non  with  a 
magnetic  length  in  magnet oconduct ion .  A:  can  be  seen  in  figure  1  the 
density  of  itales  peaks  ate  asymmetric  which  implies  that  kT  need  be 
much  less  than  the  level  spacing  in  order  to  observe  resistance  oscilla¬ 
tions  . 
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For  high  mobility  samples  the  inelastic  length  is  about  1  x  10'*  *  at 
1  K.  In  order  to  fabricate  gate  widths  less  than  this  value  we  have 
used  a  combination  of  optical  macro-  and  micro-  photolithographic  tech¬ 
niques  on  an  initially  wide  gate  structure.  3  The  design  creates  both  a 
narrow  and  a  two  dimensional  channel  in  senes,  where  each  segaent  is 
probed  potentiometrically .  The  distance  between  probes  on  the  narrow 
section  is  25  x  10'4  m.  The  devices  have  an  oxide  thickness  of  about 
3.5  s  10'*  m  with  maximum  mobilities  between  17,000  and  20,000 
cm2/V-sec.  After  all  electrical  measurements  were  completed  the  width 
of  the  narrow  section  was  measured  by  scanning  electron  microscopy.  In 
order  to  associate  a  local  minima  in  resistance  with  a  density  of  state 
peak,  figure  2  shows  the  result  of  magnetoconductance  measurements  on  a 
device  of  width  0.3  x  10‘*  m  at  n^^5  x  10,#  per  m2  and  at  0.47  K.  We 
conclude  that  the  resistance  minima  corresponds  to  a  minima  in  lin,  thus 
the  position  in  E^  of  such  minima  are  chosen  to  be  the  energies  of  the 
subbands  at  Ky  =  0.  We  fit  these  minima  to 

(.-£);  o<~  pl  Vv/*  CO 

for  the  £  100 j  surface  of  silicon.  Width  variations  on  0.8  x  10‘*  »  de¬ 
vices  cause  differing  regions  of  the  channel  to  experience  density  of 
state  peaks  labelled  by  p  to  occur  at  different  electron  densities. 
Thus  variations  in  the  resistance  of  the  channel  will  be  the  result  of  a 
superposition  of  resistance  oscillations  associated  with  each  elemental 
width,  weighted  by  the  distribution  of  widths  down  the  channel  length. 
Reduction  in  the  width  helps  resolve  this  problem  by  increasing  the  lev¬ 
el  spacing.  We  report  here  the  results  on  our  narrowest  devices  to 
date.  Wfss0.3  x  10'*  m  .  Figure  3  displays  the  small  resistance  oscil¬ 


lations  as  a  function  of  electron  density  at  0.5  K.  At  4  K  no  oscilla¬ 
tions  are  apparent;  in  the  wide  channel  such  oscillations  are  absent  at 
all  temperatures.  For  Hm0.3  x  10's  m  ,  ns  #w2.75  x  10tc  per  ■*  the 
level  spacing  from  equation  6  is  dn*rt).2  x  10lf  per  m2  .  The  mean 
spacing  in  the  data  is  too  small  by  a  factor  of  two.  We  have  then  fitted 
the  data  with  two  overlapping  sets  of  state  densities  corresponding  to 
two  widths.  Figure  4  shows  the  results  of  the  fit  and  the  deduced 
widths.  Figure  5  shows  the  width  distribution  deduced  from  measure¬ 
ments  made  with  the  scanning  electron  microscope.  The  mean  width  of 
the  device  is  0.33*0.03  x  10 •«  m.  The  fact  that  the  deduced  width  is 
smaller  than  the  measured  width  may  reside  in  our  simple  assumption  of 
non-interacting  electrons,  implied  in  equation  6,  or  due  to  frinqing 
fields  at  the  edge  of  the  gate  modifying  the  shape  of  the  quantizing  po¬ 
tential.  This  work  has  been  supported  in  part  by  the  National  Science 
Foundation  under  grant  no.  DNR  -  82130809. 
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As  the  interaction  contribution  in  the  Si  mveteion  layer  ia  ssml-  for 
gll  .  rr  natal  lie  behaviour  down  to  »— if  w  rat  urea  of  -  SOaiC  can  be  obtained 
provi«j#<j  h  is  sufficiently  big  that  «  LjM  and  the  tmsperature  dependence 
is  removed.  TTta  ability  to  achieve  collate  separation  consequently 
depends  on  the  value  of  nobility  and  hence  Lm,  if  this  is  snail  then  the 
interaction  effects  will  be  found  at  valuea  of  field  sued*  that  the 
t emperatu re  dependence  due  to  localisation  ia  still  present. 

as  the  eeqnet ir  field  induced  interaction  effect  disappears  for  kT  »  gHH, 
the  poeitive  magneto- resistance  disappears  to  be  replaced  by  negative. 

The  principal  experimental  evidence  for  the  existence  of  interaction 
effects  cones  f roe  the  Hall  affect4'5*12.  experiments  have  confirmed  the 
theoretical  prediction  that  the  relationship  between  the  corrections  in  the 
Hell  constant.  %.  and  resistance,  R,  ie 

"H  » 

Th*  initial  confirmation  of  this  relation  was  for  " large"  magnetic  fields 
voters  localisation  effects  were  suppressed  and  interaction  effects 
enhanced  Recent ly  we  have  Measured  the  temperature  dependence  of  6Rh/Rh 
at  magnetic  fields  down  to  o.ol  Tesla,  which  were  not  sufficient  to  enhance 
interaction  ef facta,  it  was  found13  that  the  taaperature  dependence  of 
SR)|/i^|  was  the  same  as  at  higher  Magnetic  fields,  a  result  also  apparent  in 
the  earlier  data  of  (Iren  at  *13,V  the  temperature  dependence  was 

independent  of  aagnetic  field  and  hence  independent  of  the  aagnitude  of  the 
Change  of  9R/R  or  the  aschanlMS  determining  the  temperature  dependence  of 
the  reel  stance  the  explanation  say  be  in  the  behaviour  of  the  end  g4 
terms  (in  the  notation  of  Fukuymsa)  which  axe  suppressed  by  increasing  the 
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terns  i  in  the  notation  of  rukuyama )  whicr  are  suppressed  by  increasing  the 
magnetic  field.  it  is  clear  that  tdiereas  the  effects  of  screening  on  the 
conductivity  are  understood  this  is  not  true  of  the  Hall  effect.  The  results 
were  principally  obtained  using  Si  Inversion  layers  but  are  substantiated 
by  work  on  GaAs-GaAIAS  hate rojunct Lons.  Me  have  also  investigated  the 
behaviour  of  the  interaction  corrections  in  the  conductivity  arvl  Hall 
effect  when  the  magnetic  field  is  sufficiently  strong  for  Landau  levels  to 
be  formed14.  As  is  theoretically  predicted  we  find  a  sign  change  in  the 
temperature  dependence  of  resistance  but  not  in  the  Ball  coefficient. 


Turning  now  to  the  reglsm  of  week  localisation  which  in  Si  inversion  layers 
(unlike  GaAs  systems)  can  be  Investigated  without  the  complication  of 
significant  Interaction  effects.  Abrahams  et  al 1  have  suggested  that  all 
states  in  2D  are  exponentielly  localised  and  a  scaling  )  function  exists 
defined  by 

Q  m  Sing 

’  "  61nL 

where  g  is  the  conductance  and  L  le  the  length  scale.  At  finite 
temperatures  the  length  L  is  the  Inelastic  diffusion  length.  Ms  have 
defined  an  experimental  scaling  function  defined  by 

P*  •  ns?  ,nd  f*  -  vf  i-  ■ 

Me  find15  that  g  le  not  uniquely  defined  by  the  value  of  g  but  is  a 
function  of  both  g  and  the  Fermi  energy.  MS  have  published  a  detailed 
analysis  of  our  results  and  give  reasons  as  to  id*y  ths  relationship  between 
F and  Pe  does  not  invalidate  the  conclusion  that  a  single  parameter  scaling 
function  does  not  exist.  Ths  re  are  two  main  abjections  to  this  conclusion, 
the  first  is  the  electron-electron  interaction  and  ths  eeoond  ia  ths  nature 
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of  inelastic  scattering.  NHiuf  nti  of  the  interaction  correction  in  the 
rang*  of  t  — fitrature  and  carrier  concentration  ueed  show  that  ate 
incorporation  would  have  no  effect  on  the  obtained  values  of  jr .  mere  la 
of  oouree  the  possibility  that  the  interaction  enters  in  a  aore  subtle  way. 
Measurements  of  the  electron-electron  scattering  rate  a a  a  function  of 
temperature  support  the  sssisgrtlon  that  y  -  y(  g ) .  In  order  for  our  results 
to  be  consistent  with  one  parameter  scaling  we  would  require  L  to  vary  as 
r1/*.  a  relation  not  round  experimentally .  Recently  Kaveh16  suggested 
that  the  obtained  experimental  behaviour  of  E  can  be  explained 

theoretically  on  the  power  law  localisation  model  of  Kaveh  and  Mott17.  In 
this  model  a  localisation  edqe  exists  whiedi  separatee  exponentially 
localised  states  in  the  bend  tell  from  states  which  are  power  law  localised . 
in  this  model  the  2D  conductivity  as  s  function  of  length  o(L)  is  given  by 


<7(1,)  - 


<1  *  j  lnWII2 


where  <ra  is  the  Boltamann  conductivity.  I  In  the  elastic  mean  free  path  and 
*  is  a/skyl  This  formula  giees  a  E  function  in  good  agreement  with 
espsrimsnt .  Ms  note  that  such  an  experiment  could  not  be  performed  on  GsAs 
heterojunct ions  where  Poole  et  si14  have  shown  that  the  interaction  effects 
are  always  present  or  InP  inversion20  layers  where  spin-orbit  coupling  is 
present 

Ms  have  invest lgstad  in  detail  the  rets  of  electron-electron  scattering 
from  analysis  of  the  negative  amgneto-  resistance21 .  Ms  confirm  our  earlier 
findings5*4  that  the  rats  (  V T# -* >  »•  due  to  a  T  term  and  a  T2  term. 


..i,  -  »1T  ♦  ‘JT2 
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(M  find  that  Ax  is  in  agreement  with  the  prediction  of  Uren  et  al5*4  ; 
on  static  screening  which  gives  a  value  of  2k/Akpl.  ms  dynamic  screening 
formula  of  Abrahams  et  al22  which  predicts  a  temperature  dependence  of 
T  In  T  is  in  serious  disagreement  with  experiment,  as  we  have  also  found 
with  other  systems19*20,  me  A2  term  is  found  to  be  in  reasonable  agreement 
with  theory  for  Landau-Baker  scattering.  ms  have  also  Investigated  the 
electron-phonon  coupling23  and  find  that  the  effect  of  disorder  is  to 
introduce  a  aore  rapid  scattering  process  in  a  similar  manner  to  that  found 
In  electron-electron  scattering. 

Ms  have  previously  reported  experiments  on  the  transition  between  three  end 
two  dimensions24'25  and  the  associated  change  in  the  localisation  and 
interaction  corrections  In  a  similar  my  wa  have  electrically  narrowed  SI 
accwilatlon  layers  and  observe  large  changes  in  conductivity  and  the 
temperature  dependence  of  the  conductivity24,  mess  results  indicate  that 
irtmn  transport  is  ID,  or  Intermediate  between  2D  and  ID  ths  correct  ions  are 
large  and  cannot  be  regarded  as  l  perturbation.  me  conductance 
oscillations  do  not  appear  to  be  a  consequence  of  ID  behaviour27,  but  may  be 
related  to  Coulaafc  effects  In  small  regions. 
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Abstract 

Wc  determined  n  the  weak  localization  regime  the  localization  parameter 
h  thi  interaction  coefficient  ;  -FI  the  inelastic  scattering  time  t*.  and  its  tern- 
per.it  ur*  coefficient  p  Scattering  by  the  Maki -Thompson  process  reduces  a  to 
less  than  :  In  the  extreme  quantum  limit,  localization  due  to  disorder,  knowr. 
* '■■■  gw  rise  *'•  wide  integral  q>iant.im  Mall  plateau?  is  demonstrated  to  inhibit 
the  fractional  quantum  Hall  •  ffect 

1  Introduction 

l  ocalization  i?  believed  u-  bt-  central  to  the  many  physical  phenomena 
observed  in  two-dimonsiona;  .2!')  electronic  systems  :  j  In  this  paper  we  report 
the  results  from  two  experiments  on  the  localization  of  the  2D  electrons  in 
GoAsAiGaAs  heti  rostruc: ur*-$  In  the  first  experiment  2].  we  investigated  the 
weak  localization  phenomenon  which  is  observed  experimentally  as  a  loga 
nthmic  correction  to  the  Drudr  conductivity  From  detailed  measurements  on 
the  temperature  dependences  of  the  resistance  and  the  low  field  magnetoresia- 
tance  we  determined  directly  the  localization  parameter,  a  the  Coulomb 
interaction  coefficient  (l-F)  the  inelastic  electron  scattering  time.  t„,.  and  its 
temperature  coefficient,  I’  The  experiment  shows  unambiguously  that  both  the 
localization  effect  and  the  interaction  effects  arc  important  in  2D  electronic 
transport  Wr  found  that  a  <  This  reduction  of  a  is  explained  by  the  Vaki- 
Thompson  process  which  is  also  operative  in  the  case  of  the  repulsive  electron- 
electron  interaction  in  our  system  However,  several  outstanding  features  of  the 
data  remain  unexplained  They  include  {’.)  r1B  being  ten  times  larger  than 
theory  (2)  (:-F)  at  a  high  density  being  live  times  its  expected  value,  and  (3)  a 
temperature  sensitive  negative  m agne tores istance  in  parallel  B 

In  the  second  experiment,  we  investigated  the  magnetotransport  m  the 
extreme  quantum  limit  in  a  sample  in  which  the  recently  discovered  fractional 
quantum  phenomenon  43]  was  not  observed  The  temperature  dependences  of 
both  the  diagonal  resistivity  pM.  and  the  Hall  resistivity,  p^.  were  studied  as  a 
function  of  the  landau  level  filling  factor,  v  =  nh/eB  We  found  that  both  p^  and 
Pn  show  a  thermally  activated,  nonmetal-hke  behavior  for  v  <  1/2  Our  result* 
demonstrate  that  while  localization  due  to  disorder  is  essential  to  the  observa¬ 
tion  of  tne  integral  quantum  Hall  effect  '4],  extremely  *  -h  electron  mobility, 
indicative  of  minimal  disorder  and  a  high  degree  of  lat  ->nd  interface!  per¬ 
fection.  is  prerequisite  for  the  fractional  quantum  Hall  effect  The  two  effects 
are  different  in  origin  and  in  fact  competing  with  each  other 


2.  Experimental  Details 

Our  samples  were  GaAs-AlGaAs  heterostruclures,  consisting  of  a  ‘  pm  thick 
undoped  GaAs  layer,  an  undoped  AIc^GootAs  layer,  a  Si  doped  AlojGaorAs  layer, 
and  a  thin  GaAs  rap  layer,  sequentially  grown  on  Cr-doped  GaAs  substrates  by 
molecular  beam  epitaxy  The  Si  doped  Al0jGao7As  layer  was  made  sufficiently 
thin  that  the  depletion  layer  extends  throughout  the  entire  AlcsGacvAs  layer  As 
a  result,  the  doped  layers  arc  depleted  of  free  carriers  and  the  electronic  con¬ 
duction  is  by  the  2D  electrons  in  the  undoped  Ga  layer  confined  lo  the  GaAs- 
AlG.iAa  interface  The  electron  density  was  determined  from  measuring  the 
quantum  oscillations  of  the  2D  electrons  5],  and  from  low  field  Hall  measure¬ 
ments  Agreement  between  the  two  measurements  indicates  inat  no  parallel 
channel  conduction  existed  in  our  samples  Our  transport  and  low  field  magne- 
totransport  measurements  from  0  05  K  to  0  8  K  were  carried  out  in  a  dilution 
refrigerator  with  a  superconducting  solenoid,  using  standard  four  terminal 
arrangements 


3.  Weak  Localisation 

Detailed  measurements  were  made  in  the  weak  localization  regime  on  three 
different  samples  w*h  electron  densities  n  =  7  : 1  x  :C"/cmz  2  6 6*  '.0M/cm*. 
and  0  87  *  :o,l/cm*  and  mobilities  p  -  2  99  xio*  cm^/Vsec.  0  55 

x  !04cm*/Vsec  and  I  65  x  :04  cm*/Vsec.  respectively  All  samples  show  loga¬ 
rithmic  T  dependence  in  their  conductivity  in  the  absence  of  on  external  mag¬ 
netic  field  B.  and  a  negative  mognctorosistance  in  a  perpendicular  B  The 
results  are  interpreted  in  terms  of  the  scaling  theory  of  localization  i 6]  and  the 
theory  of  Coulomb  effects  '7)  on  transport  in  disordered  media  Since  details  of 
this  work  are  to  be  published  elsewhere  ,2],  only  a  brief  summary  will  be  given 
here 

Jn  the  absence  of  B,  both  the  localization  and  the  interaction  effects  contri 
bute  r q  to  the  observed  logarithmic  T  dependence  in  conductivity  according  to 

i8.7l 

4»L(T)  =  opONlnj  J-]  (la) 

and 

4a, (T)  =  [1-D»»ln[^-]  (lb) 

respectively  Here  a#  =  ea/2n*fland  p  is  the  temperature  exponent  of  the  Ine¬ 
lastic  scattering  Ume,  r„,  a  T'p  The  localization  parameter  a  is  unity  for 
independent  particles  and  the  Hartree  parameter  F  is  defined  by 


dt»/2rr 

(1  ♦  2kf/ K)*lnd 


where  kf  is  the  Fermi-wave  vector  and  K  =  m*c*/2fftff  is  the  2D  screening  con¬ 
stant  In  this  work.  a.  p  and  (1-F)  are  regarded  as  the  unknown  parameters 
determined  by  fitting  our  experimental  data  to  theory  [8]  This  is  accomplished 
by  applying  a  perpendicular  B.  which  affects  the  two  effects  differently  in 
different  ranges  of  B  More  specifically,  in  the  weak  B  limit  (B  <  0  I  T).  the 
observed  negative  magnetoresistance  allows  a  direct  determination  of  a  and  t„. 
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and  the  T  dependence  of  -,r  yields  p  directly  9]  On  the  other  hand  with  H  —  0  3 
T  She  localization  tern:  is  qu<  nched  entirely  and  the  T  dependence  of  the  con¬ 
ductivity  directly  determines  F) 


f  igi. re  '  3  p  ar.d  (IF)  plotted  as  n  function 
of  Z  ky/  K  from  three  simple*  e  tnargie 
is  from  Kef  14  and  the  dashed  curve  is  cal¬ 
culated  Iron  Eq  (2) 


figure  2  Percentage  charge  >n  Ih.e  conduc¬ 
tivity  as  a  function  of  parallel  B  from  the 
sample  with  r.  =  2  86  x;On/cmz  and  p  = 
0  5b  x  '.04  cm*/Vsec 


Figure  summarizes  our  results  on  a  p  and  (:-F)  Several  comments  are 
in  order  First  a  <  and  this  fact  cannot  be  accounted  by  the  spin-orbit 
interaction  in  GaAs  2|  We  attribute  this  reduction  of  a  to  scattering  by  the 
Vain -Thompson  process  ihat  gives  rise  to  fluctuations  in  superconductivity  It 
was  pointed  out  by  Larkin  0]  that  this  process  is  expected  to  be  also  operative 
m  the  case  of  repulsive  electron-electron  interactions  Second,  p  =  suggest¬ 
ing  electron-electron  scattering  as  the  dominant  inelastic  process  However  the 
magnitude  of  rv  !~bx  ;0  11  see  at  K)  is  an  order  of  magnitude  larger  than 
that  from  the  theory  of  Abrahams  at  al  ’ !  I )  Third,  (1-F)  is  considerably  larger 
than  that  calculated  from  Eq  (2)  (dashed  curve  in  Fig  ’)  The  difference  is 
especially  large  at  large  n  where  saturation  is  expected  Finally.  Fig  2  shows 
the  percentage  change  in  the  conductivity  with  B  parallel  to  the  plane  of  the  2D 
electrons  Instead  of  the  experted  positive  magneto-resistance  ’7],  a  strongly  T 
dependent  negative  magnet  ore  sistance  was  observed  This  effect,  also  seen  in 
the  2D  electrons  in  /.nO  \2)  and  in  InAs  ’  ‘.3J,  remains  unexplained 


4  iDcahxaiton  in  the  Extreme  Quantum  limit 

Figure  3  shows  the  htgh  field  magnetoiransport  data  taken  from  a  sample 
with  n  =  B  8  x  :0,o/cm2  and  p  =  2  1  *  104cm2/Vsec  The  integral  quantum  Hall 
plateaus  given  by  Rp  =  p^  =  h/  ie2.  with  i  =  2  and  are  well  developed,  together 
with  the  vanishing  of  pa.  around  B'-ZT  and  4  T  respectively  However,  struc¬ 
tures  due  to  the  fractional  quantum  Hall  effect  around  u  =  2/3  and  !  /3  is  not 
observable  at  all  with  T  down  to  0  Oh  K  Our  failure  to  observe  any  structure 
attributable  to  the  fractional  quantum  Hall  effect  results  from  the  fact  that  this 
sample  has  low  fi,  indicative  of  strong  disorder  in  the  2D  electron  system  The 
presence  of  such  strong  disorder  inhibits  the  formation  of  *.he  new  electronic 
ground  state,  which  gives  rise  to  the  fractional  quantum  phenomenon  Our  data 
can  be  understood  in  terms  of  the  localization  due  to  the  disorder,  which  in  the 
current  picture  for  the  integral  quantum  Hall  effect  are  essential  to  the  observa¬ 
bility  of  the  Hall  plateaus 


lUMWIWt 


Figure  3  pM  and  p„  vs  B  from  a  sample 
having  r.  *  8  6  xlO,0/cm*  and 
M  =  2  :  x  10*  cm#/Vsec  The  Ailing  factor 
ta  defined  by  V  *  nh/cB.  Inaet  illustrates 
Ihe  disorder  broadened  lowest  three  Landau 
levels  The  extended  states  are  the  shaded 
regions 
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According  to  Laughlin'i  argument  14).  observation  of  the  integral  quantum 
Hall  plateaus  necessarily  implies  the  existence  of  a  finite  number  of  extended 
states  in  every  Landau  level  beneath  Ef  to  carry  the  Hall  current  As  illustrated 
in  the  inset  of  Fig  3.  each  Landau  level,  broadened  by  disorder  into  a  band, 
must  contain  some  extended  states  (shaded  regions  m  the  illustration), 
separated  from  the  localized  states.  When  Ey  is  in  the  region  of  the  localised 
states  labeled  2.  the  Hall  current  is  carried  by  the  extended  states  in  the  lowest 
two  subbands  and  the  i  =  2  plateau  is  observed.  When  B  it  increased.  £y  moves 
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into  the  extended  states  in  the  second  landau  level  between  regions  and  2 
and  Pgy  increases  It  reaches  the  i  =  plateau  as  Ep  enters  the  localized  region 
l  nlike  the  2D  electrons  in  Si-inversion  layers,  where  the  i  =  1  plateau  was  not 
resolved  the  i  =  1  plateau  is  obvious  here  and  it  demonstrates  the  fact  that  not 
<UI  the  states  in  the  lowest  level  are  localized  If  the  broadening  is  symmetric 
the  extended  states  are  expected  to  center  at  1/  *  1/2  Inder  this  condition.  p*, 
will  remain  on  the  1  -  plateau  until  Ep  is  sufficiently  close  to  the  center  of  the 
band  to  allow  thermal  excitations  in  the  extended  states  At  sufficiently  high  B 
when  Ep  enters  the  localized  region  labeled  0.  there  is  no  extended  states  below 
Ff  to  carry  the  Hall  current  And  pMy  should  reflect  that  of  the  thermally  excited 
states  in  the  center  of  the  band  At  T  =  0.  p^  is  expected  to  increase  abruptly  to 
infinity  from  the  i  =  1  plateau  andpn  from  its  vanishing  value  at  o  =  1  /2 

Figures  4  and  b  show  the  temperatures  dependences  of  pv  and  p„  near  v  = 
'2  It  is  clear  that  at  v  =  0  3?  both  p„  and  p„  are  thermally  activated,  indica¬ 
tive  of  an  E \y  inside  the  localized  region  of  the  lower  part  of  the  band  At  v  - 
Or*  Pgf  decreases  towards  the  i  =  plateau  (l  e  h/e2)  and  p„  decreases 
towards  zero  with  decreasing  T  This  is  the  expected  behavior  when  Ep  is  located 
inside  the  localized  region  of  the  upper  part  of  the  band  (i  e  region  2)  The 
transition  from  the  first  to  the  second  behavior  occurs  at  v*  -  0  ft.  as  expected 
However  our  data  are  insufficient  to  determine  the  number  of  the  extended 
states  or  whether  sharp  mobility  edges  do  exist,  separating  them  from  the  local¬ 
ized  states 
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TRANSPORT  STUDIES  IN  SINGLE-CRYSTAL  FILMS  OF  CoS*2 
AND  NiSi2:  A  NEW  CLASS  OF  QUASI  TWO-DIMENSIONAL  METALS 

/  C  Hen  sc/.  R  T  Tung.  J  M  Kufe 
and  F.  C  Uoterwald 

Bell  Laboratories.  Murray  HiU.  New  Jersey  07974.  USA 

Measurements  have  been  made  of  electrical  transport  in  single-crystal.  thin  films  of 
CoSi;  and  NiSij  Controlled  amounts  of  defects  were  introduced  into  certain  films 
by  2  McV  *He  bombardment  These  systems  possess  novel  properties  favorable  for 
studies  of  quasi  2-dimensrorul  phenomena  in  metals  such  as  weak  localization 

I.  Introduction 

Metal  silicxk  thin  films  occupy  a  prominent  place  in  present-day  integrated  circuit  technology, 
serving  as  conductors  to  link  circuit  elements  and  as  contacts.  In  this  connection,  the  formation  and 
structure  of  thin  film  disilicidts  have  been  extensively  investigated  1  Relatively  less  is  known  about 
the  electronic  properties  of  these  important  materials.  In  particular,  apart  from  the  facr  that  they 
behave  typically  as  good  metals  with  high  conductivities,  not  much  else  it  available  regarding  their 
electrical  transport  properties  and  the  mechanisms  responsible  for  resistivity  —  a  little  surprising  in 
view  of  their  use  as  conductors  To  address  this  problem  wc  have  undertaken  transport  studies  m 
thin  films  of  CoSij  and  NiSij  Preliminary  results  suggest  that  these  thin  films  possess  novel 
features  that  could  be  exploited  in  (hr  study  of  quasi  2D  phenomena,  eg  .  weak  localization. 

2  Slmml  Profffrin  of  NKt,  mt  (  Til. 

Much  of  what  is  distinctive  about  NiSij  and  CoSij  thin  films  owes  to  their  structural  properties 
which  wc  briefly  summarize:  Of  all  the  metal  silicidcs  CoSi;  and  NiSij  are  unique  in  that  they 
crystallize  in  the  (cubic)  fluorite  structure  and,  moreover,  have  lattice  constants  within  a  percent  or 
two  of  that  of  St  Thus  they  arc  particularly  good  candidates  for  epitaxial  growth  on  Si  substrates; 
and.  indeed,  eatenaivc  studies2  have  demonstrated  that  under  UHV  conditions  single  crystal  epitaxial 
films  of  extraordinary  perfection  can  he  grown  with  thickneaaes  varying  from  the  ultra  thin  (—60  A) 


up  to  1000  A  or  more.  The  continuity  and  uniformity  of  tbcae  film  is  excellent  as  monitored  by 
RES  and  TEM.  In  addition,  the  interface  of  these  structures  i*  found  to  he  remarkably  sharp;  in 
fact  under  favorable  conditions  it  baccmw  i  ant  tally  perfect  on  on  atomic  scale. 

In  the  present  work  the  (hinaar  Urns  were  single  crystal  grown  by  means  of  the  UHV  techniques 
we  hove  described  earlier.1  The  thicker  films  were  cither  angle  crystal  or  polycrystaDine  of  grain 
sue  — 1000  k,  hath  types  exhibit  essentially  the  same  resistivity  AO  films  were  grown  on  n-type  Si 
substrates,  other  (001)  or  (III)  orientations,  of  1-10  Ocm  resistivity  Controlled  levels  of  defect! 
were  introduced  into  certain  films  by  bombardment  at  T7K  with  2  McV  *He  ioaa.1 

i  Tramp  art  Miissr.n.,u 

Measurements  of  the  mistrvity  of  comparatively  thick  films  (— 1000  k)  of  CoSij  and  NiSij  are 
shown  in  Fig.  I  ns  n  function  of  temperature  The  measurements  were  made  in  a  4  probe 
configuration  on  bridge  shaped  samples  patterned  by  photolithography  and  etched  chemically  The 
curves  are  of  the  usual  farm  having  at  high  temperatures  •  linear  temperature  dependence  owing  to 
phonon  scattering  and  flattening  off  at  low  temperature  to  a  value  Po.  the  residual  raristivhy  due  to 
defects,  impurities,  boundary  scattering,  etc.  Assuming  Matthkacn's  ruk  to  hold  wc  can  express  the 
total  resistivity  as  a  sum  of  residual  and  phonon  aca tiering  contributions,  p  -  *  +  p i(T).  If  we 
examine  first  the  data  in  Fig.  I  In  balled  "undamaged*  «t  see  that  the  pbonoa  scattering 
contribution.  p,(T).  in  virtually  Metical  far  Co&j  and  NiSij.  but  the  residual  resistivity  far  NiSij 
(po  “  20pflcm)  is  almost  an  order  of  magnitude  larger  than  for  CoSij  (pt  “  2.6pOcm)  (In  the 
former  case  *>  is  to  some  extent  sample  dependent,  bat  20**  flcm  is  the  lowest  vahtc  observed  so 
far.)  The  implication  is  that  there  is  a  rather  substantial  inherent  concentration  of  defect  centers  in 
NiSij  not  present  or  pros  cut  at  a  much  lower  concentration  in  CoSij,  a  rather  surprising 
development  in  view  of  the  similarity  of  CoSij  and  NiSij  in  so  many  other  respects. 

If  defects  are  indeed  the  explanation,  one  should  be  able  to  annulate  the  properties  of  NiSij  by 
damaging  CoSij  with  high  energy  ton  bombardment.  The  results  shown  in  Fig.  1  by  a  family  of 
curves  each  representing  a  different  bombardment  doee  of  2  McV  4Hc  ions  bear  out  this  supposition 
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A  dose  of  —2.4*10'*  He/ cm 5  would  render  CoSij  roughly  equivalent  lo  undamaged  NiSij  Abo 
included  in  Fig  l  a  one  caae  of  NiSij  bombarded  with  a  done  of  5*10'*  He/cmJ.  more  than 
doubling  its  A).  A  moat  remarkable  feature  of  Fig  I  »  that  a//  curve*  display  virtually  identical 
temperature  dependences,  they  differ  only  in  ihe>r  vertical  displacements  representing  different 
values  of  a.  —  all  m  all  an  impressive  testimony  to  Matlhisaea's  rule 

Neat,  by  plotting  m  Fig  2  tbe  incrcmanul  change  in  an  far  CaSij  produced  by  ion  bombardment 
we  obeerve  that  there  b  a  linear  dependence  to  tbe  highest  level  reached.  *>  m  Sbuflcm  Eventually 
(perhaps  2  to  J  times  higher)  satursuon  would  be  expected  to  occur  when  the  material  becomes  so 
Strongly  disordered  as  to  become  essentially  a  metallic  glass  The  fact  that  saturation  has  not  yet 
been  reached  at  *  16* Don  establishes  a  lower  limit  on  tbe  elastic  acattenng  length  I,  in 
undamaged  CoSi2  for  which  a  •  2  6uOcm  By  invoking  the  loffc-Regel  criterion  we  note  that 
!•  >  UM  *)*a  •here  to  -  24  A  is  tbe  atomic  spacing  in  CaSij,  resulting  in  i,  >  BO  A.  Also  in 
Fig  2  ■  one  datum  for  NiSij  which  interestingly  enough  almost  casdiy  coincides  with  CoSij  This 
would  tentatively  suggest  that  these  two  materiab  art  essentially  equally  susceptible  to  defect 
formation  by  ion  bombardment 

The  uaturc  of  the  defects  responsible  for  the  large  so  in  NiSij  b  unknown  One  »  tempted  to 
spaculntc  that  there  exists  in  NiSr2  an  intnntK  concent  ration  of  natural  defects,  perhaps  aausite 
defacu  or  pomibly  a  alight  unbalanoc  in  stacbiomciry  The  very  large  chaagca  of  *  with 
bombardment  dose  wideness  an  enusanJ  degree  of  aasceptibiiily  of  the  CoSi,  and  NiSij  lattices  to 
damage,  quite  reminiscent  of  ■  similar  behavior  seen  earlier’ m  the  A-IJ  compounds  and  associated 
with  the  easy  breaking  of  tetrahedral  barfs  The  tame  explanation  oould  apply  to  the  Bnorite 
Structure  of  Crfij  where  the  Si’s  occupy  tetrahedral  abet. 

The  scaling  lhacry  of  weak  lore  lira  tion*  predicts  that  m  2D  ao  true  mcullic  conduction  can 
oocar  and  an  T  —0  the  rmiatmty  does  not  appronch  a  constant  value,  but  instead  diverges 
logarithmically. 


R(T)-R(T*) 

RfToJ 


(I) 


Here.  P  b  an  exponent  in  the  temperature  dependence  of  the  inelastic  scattering  time  (r,  ■  f’l 
and  cr  is  a  constant  of  order  unity  A  number  of  studies  of  these  effects  in  thin  metallic  Alms  have 
been  reported  * 


It  is  osir  purpose  here  to  point  out  that  CaSij  and  NiSi,.  as  the  transpon  measurement 
demonstrate,  can  provide  a  significant  feature  that  has  been  lacking  in  most  work,  namely  tbe  ability 
to  control  independently  the  important  parameters.  R«  (representing  the  strength  of  localization) 
end  film  thickness  (representing  the  degree  of  quasi  two  dimensionality)  This  u  in  addition  to  the 
very  desirable  structural  properties  mentioned  earlier  As  an  example,  some  tentative  dau  has  been 
obtained  for  a  240  A  single  crystal  film  of  CoSij  grown  with  a  rather  high  concentration  of  defects 
but  otherwise  of  excellent  quality  as  regards  to  uniformity,  structure,  etc  The  results  in  Fig.  3  show 
a  logarithmic  dependence  in  sheet  resistance  below  —  20K.  consistent  with  a  localization  picture, 
with  oP  =  5.  somewhat  larger  than  the  values  in  the  neighborhood  of  2  more  typically  seen  Simple 
estimates  would  indicate  that  kr  I,  >  I  (kr  »  the  Fermi  wavcvector)  insuring  the  validity  of  (1)  for 
the  case  under  consideration.  The  extent  to  which  Coulomb  interactions  and/or  Kendo  scattering 
contribute  to  tbe  logarithmic  dependence  will  become  dearer  as  these  studies  program. 
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ANiMAL OHS  MAGNETO- TRANSPORT  PROPERTIES  Of  p-TYPE  GERMANIUM  INVERSION  LAYERS 
AT  VERY  LOW  ^TEMPERATURES^ 

j  Keiwn/i,  S.UcMdd*,  G.Landwehr,  Max-Planck- Institut  fUr  festkorperforschung, 
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i  ddmjei't ,  Physmal  isches  Institut  der  Universitat  WUrzburg,  Germany. 

#pre»ent  address  :  University  of  Tokyo,  Department  of  Applied  Physics 

Abstract  :  A  logarithmic  increase  of  resistivity  of  p-type  Ge-inversion  layers 
adjacent  to  a  grain  boundary  in  Ge-bf crystal s  levels  off  in  the  mK 
range,  whereas  the  longitudinal  magneto-resistance  continues  to  rise. 
At  very  low  temperature  a  negative  magnetores I  stance  is  observed 
which  is  possibly  connected  with  the  Kondo-ef feet . 

Recently  we  have  begun  to  study  the  magneto- transport  properties  of  p-type 
germanium  inversion  layers  present  in  germanium  bicrystals  (1).  These  can  be 
produced  in  a  controlled  fasnion  by  pulling  crystals  In  which  the  2  halves 
nave  been  tilted  with  respect  to  each  other.  In  our  case  we  Investigated  bi- 
crystali  in  which  the  lOOll  directions  were  tilted  relative  to  a  1 100 J  axis, 
the  twist  angle  being  negligibly  small.  This  is  schematically  shown  in  flg.l. 

In  this  configuration  a  grain  boundary  arises 
which  is  stabilized  by  an  array  of  dislocations. 
For  not  too  large  tilt  angles  a  regular  sequence 
of  edge  dislocations  with  acceptor  character 
exists  (2).  The  resulting  hole  concentration  is 
so  large  that  a  degenerate  p-type  layer  arises 
for  tilt  angles  0  >8".  The  linear  character  of 
the  acceptors  manifests  Itself  in  an  anisotropy 
of  the  conductivity,  depending  on  whether  the 
current  flows  parallel  or  perpendicular  with 
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-  Gram  boundary 
f  ig.  1 


respect  to  the  dis locations .  It  became  evident  already  many  years  490  that  the 
holes  adjacent  to  a  grain  boundary  with  a  tilt  angle  of  20J  represent  a  two- 
dimensional  electronic  system  (3).  This  was  clearly  demonstrated  recently  (4) 
when  the  anisotropy  of  Shubnlkov-de  Haas  oscillations  in  a  bicrystal  with  a 
IS J  tilt  angle  was  analysed.  Self-consistent  solutions  of  Schrttdinger ‘s  and 
Poisson's  equation  indicated  that  the  system  Is  quantized  with  discrete  elec- 

12  2 

trlcal  subbands.  For  surface  carrier  concentrations  above  10  /cm  both  the 
heavy  and  light  hole  subband  are  occupied,  with  a  splitting  substantially  lar¬ 
ger  than  k!  at  helium  temperatures.  Whereas  the  heavy  hole  mass  docs  not  differ 
much  from  the  bulk  values,  the  light  hole  mass  is  substantial ly  enhanced,  the 
actual  value  depending  on  the  carrier  concentration. 

from  the  logarithmic  increase  of  resistivity  and  Hall  coefficient  with  decrea¬ 
sing  temperature  it  was  deduced  (1)  that  many-body  effects  dominate  in  speci¬ 
mens  prepared  from  bicrystals  with  10J  and  15°  tilt  angle.  In  magnetic  fields 
up  to  B  »  10  T  the  magneto- resistance  Increased  logarithmically  with  B.  The 
existence  of  a  finite  longitudinal  magneto-resistance  Indicates  that  locali¬ 
zation  effects  caused  by  quantum  Interference  In  the  2d-system  are  of  minor 
importance.  This  conclusion  Is  corroborated  by  the  absence  of  a  negative  trans¬ 
verse  magneto- resistance  in  the  low  field  range. 

In  the  meantime  we  have  extended 
measurements  of  resistivity, longi¬ 
tudinal  and  transverse  magneto¬ 
resistance  of  bl crystal  specimens 
with  a  tilt  angle  of  10>'  and  IS-* 
to  temperatures  down  to  BO  mK. 

It  turned  out  that  the  logarith¬ 
mic  Increase  of  resistivity  with 
decreasing  temperature  does  not 
continue  In  the  mK  range.  This  Is 
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■>rio«n  in  fig.  t  where  the  resistance  per  unit  area  has  been  plotted  as  a  func¬ 
tion  .if  temperature  for  saaples  with  0*101,  and  15u.  Whereas  for  the  15°  speci¬ 
mens  in*  resistivity  levels  off  at  about  600  mK  a  larger  Increase  is  observed 
in  1j  specimens  he  low  600  mK  before  R  is  getting  constant  at  about  80mK. 
It  «as  checked  that  this  is  not  due  to  noise  heating.  External  high  frequency 
signals  were  effectively  blocked  off.  The  dissipated  power  due  to  the  sample 
current  was  below  10  W,  an  increase  of  the  power  by  about  2  orders  of  magni 
i«de  did  not  change  the  resistivity  measurably.  A  temperature  Independent  re¬ 
sistivity  In  the  mK  range  has  also  been  observed  in  Si-inversion  layers  (5). 

The  longitudinal  magneto- resistance  for  both  the  15  and  10  specimens  In¬ 
creased  logarithmical ly  as  a  function  of  B  down  to  about  1.2  K  with  a  scaling 
behaviour  proportional  B/T.  At  T  ■  0.6  K  significant  deviations  from,  scaling 
showed  up  which  became  more  and  more  pronounced  when  the  temperature  was  low¬ 
ered  further.  This  may  be  visualized  In  fig. 3  where  the  negative  change  of 


conductivity  has  been  plotted  against  8/T  for  a  10°  specimen.  The  observed 
change  in  resistance  In  a  longitudinal  magnetic  field  Increases  very  strongly 
with  the  temperature  In  the  mK  range.  This  can  be  seen  In  fig.  4.  Whereas  the 
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Fig. 4. 

lowered.  A  negative  magneto- resis¬ 
tance  develops  at  T  <  0.3  K,  at  a 
temperature  of  0.1  K  the  magneto¬ 
resistance  is  negative  between 
about  0.5  and  2.5  T.  At  high  mag¬ 
netic  fields  the  magneto-conduc¬ 
tivity  shows  a  linear  dependence 
on  the  magnetic  field.  So  far  a 
negative  magneto- resistance  In 
the  mK  range  has  only  been  obser¬ 
ved  In  specimens  in  which  the  dis¬ 
locations  were  oriented  parallel 
to  the  current. 

Fig.  5. 


relative  change  of  resistance  In  a  longi¬ 
tudinal  field  of  8  T  is  about  101  the 
changes  observed  at  50  m'.'  are  larger  than 
1001.  In  the  low  temperature  range  a  ne¬ 
gative  magneto-resistance  shows  up  which 
becomes  positive  above  B  •  1  T.  A  similar 
behaviour  was  found  In  samples  with  a  tilt 
angle  of  15°.  This  Is  demonstrated  In 
fig. 5.  Because  of  the  presence  of  high 
mobility  holes  In  the  light  hole  subband 
we  preferred  to  plot  the  negative  change 
of  conductivity  with  magnetic  field. 

One  can  see  that  a  hump  In  the  Ao  vs  B 
curves  develops  which  becomes  more  and 
more  pronounced  when  the  temperature  Is 
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The  magneto-transport  data  obtained  previously  on  samples  with  0  *  10"  and  15' 
can  be  analysed  within  the  framework  of  a  theory  by  Fukuyama  (5)  which  employs 
4  parameters,  g^  to  g4.  The  measurement  of  the  magneto-resistance  in  parallel 
and  transverse  magnetic  fields  allows  a  complete  evaluation  of  the  constants. 
Deviations  from  the  predictions  of  the  first  order  theory  (5)  Indicate  the 
necessity  to  incorporate  higher  order  effects  (6).  The  scaling  behaviour  as  a 
function  of  B/T  suggests  that  the  Zeemann  splitting  of  the  energy  levels  Is 
the  origin  of  the  relatively  large  longitudinal  magneto-resistance.  It  should 
be  noted  ,  however,  that  the  magneto- res ’stance  observed  in  our  specimens  is 
very  large  (up  to  lOOt)  so  that  it  Is  doubtful  whether  it  is  allowed  to  make 
use  of  results  which  have  been  obtained  by  perturbation  theory.  The  observed 
negative  magne to- resistance  In  the  wK  range  at  not  too  high  fields  suggests 
that  spin  dependent  scattering  could  be  the  origin  of  the  effect.  The  interplay 
between  the  Kondo  effect  and  localization  and  the  many-body  effects  could  be 
the  origin  of  the  observed  anomalies,  ft  is  not  probable  that  a  substantial 
concentration  of  magnetic  impurities  is  present  at  the  grain  boundary  of  our 
bicrystals.  One  should  keep  in  mind,  however,  that  the  dangling  bonds  of  edge 
dislocations  in  germanium  may  have  a  high  concentration.  It  Is  probable  that 
only  a  relatively  small  percentage  of  the  acceptor  states  along  the  disloca¬ 
tion  are  occupied  due  to  the  band  bending  caused  by  the  Coulomb  field. 

It  seems  that  it  Is  necessary  to  take  also  anisotropy  effects  Into  account 
because  the  negative  magneto- resistance  In  the  mK  range  has  only  been  observed 
in  samples  with  parallel  dislocations. 
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Figure  captions  : 


Fig.  1  :  Schematic  drawing  of  a  bicrystal.  The  (001]  seeds  are  tilted  by  the 


Fig.  2  :  Resistance  per  unit  area  as  a  function  of  temperature  for  2  bicrystals 
with  different  tilt  angle. 

Fig.  3  :  Change  of  conductivity  (with  negative  sign)  as  a  function  of  B/T  for 
a  longitudinal  magnetic  field. 

Fig.  4  :  Resistance  per  unit  area  as  a  function  of  a  longitudinal  magnetic 
field  for  a  10°  bicrystal  at  various  temperatures. 

Fig.  5  :  Negative  change  In  conductivity  per  unit  area  as  a  function  of  a 
parallel  magnetic  field  with  the  temperature  as  parameter. 
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Theory  of  Impurity  Band  Conductivity  in  Inversion 
Layers  in  Magnetic  Fields 

G.  M.  Kramer  and  R.  F.  Wallis 
Physics  Depar tsient 

University  of  California,  Irvine,  CA  92717,  USA 

A  theoretical  investigation  has  been  made  of  the  electrical 
conductivity  of  an  Impurity  band  in  an  Inversion  layer  in  an 
eaternal  magnetic  field.  The  specific  case  of  an  n-type  in¬ 
version  layer  on  a  (190)  surface  of  silicon  is  considered.  A 
distribution  of  lepurity  ions  is  assumed  to  ealst  at  the  inter¬ 
face  between  the  Inversion  layer  and  the  oxide.  Results  are 
obtained  for  several  values  of  the  electric  field  in  the 
inversion  layer  and  for  the  two-dimensional  limit  corresponding 
to  aero  inversion  layer  thickness.  Contact  is  made  with  the 
experimental  results  of  Hartsteln,  Fowler  and  Woo. 

1.  Introduction 

Over  the  last  few  years,  Hartsteln  and  Fowler  (11  have 
carried  out  a  series  of  experiments  on  the  electrical  con¬ 
ductivity  of  silicon  inversion  layers  where  Ha*  have  been  been 
diffused  to  the  ox  ids- invars ion  layer  interface.  Over  a  certain 
temperature  range,  they  found  that  the  data  can  be  understood  on 
the  basis  of  variable  range  hopping  of  cherge  carriers  in  an 
impurity  band.  Recently,  Hartsteln,  Fowler,  and  Woo  [2]  found 
that  an  asternal  magnetic  field  significantly  decreases  the  con¬ 
ductivity  at  fields  above  4T  and  attribute  this  behavior  to  the 
shrinkage  of  the  impurity  orbit  sise  by  the  magnetic  field.  In 
the  present  paper,  we  develop  a  theory  of  variable  range  hopping 
conductivity  in  inversion  layers  in  magnetic  fields. 
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2.  Theoretics 1  development 

The  system  which  we  consider  is  composed  of  two  semi- 
infinite  half-spaces,  one  of  p-type  silicon  and  the  other  of 
silicon  dioxide  with  a  common  boundary  perallal  to  a  ( 1 00 )  plane 
of  the  silicon.  The  inversion  layer  is  produced  by  an  electric 
field  normal  to  the  Interface  which  is  assumed  to  be  constant 
over  the  extent  of  the  inversion  layer.  A  distribution  of 
Impurity  ions  of  charge  +e  is  assumed  to  be  present  at  the  oxide- 
semiconductor  interface.  The  external  magnetic  field  is  taken  to 
be  constant  and  orisnted  normal  to  the  interface. 


The  first  step  in  our  calculation  is  to  write  the  Hamil¬ 
tonian  in  atomic  units  (3J  in  the  form 


H  -  H0  ♦  Hj  ♦  h2 

* 

(i) 

a2  a 

H0  -  - 

8x  x 

s  >  0  , 

(la) 

a2  a2  .  ,  a  a 

h.  ■  -  — j - j  ♦  W(y - *  — 

1  ax*  ay*  ax  ay 

)  .  Xl  (,J  .  yJ) 

4 

r  (lb) 

B,  -  B(t)  -  -  i/lx2  *  y* 

♦  .*1  *  . 

(lc) 

B4(Cl+42) J/4«*.5, 

l  is  the 

electric  field  in  esu,  mt  and  m£  are  the  transverse  and  longi¬ 
tudinal  effective  masses,  and  c2  are  the  dielectric  constants 
of  Si02  and  Si ,  respectively,  t  *  (a*) 2/(hc/eH) ,  a*  is  the 
effective  Bohr  radius  [3]  and  H  is  the  magnetic  field.  The 
quantity  0(r)  is  the  Coulomb  Interaction  of  the  electron  with  the 
impurity  ion  neglecting  screening  by  the  free  carriers. 

For  the  ground  state  wave  function,  we  take  the  form 

♦(x,y,x)  •  x(*»y)f(*>  •  <*> 

The  functions  x(x,y)  and  f(a)  have  the  variational  forms 

x(«.y)  •  »  ♦  yVl  (3) 
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log  (<r/<r0) 


Int  rudutt  ion 


•>Al  ti. 


SYSTEM  jN  fMt  SURFACE  of  SOlIC  NEON 


Prvsus,  *  iCu  1 1 y  jf  Science,  Toho  univeislty, 
•  ;i  jcasr  1  ,  ,7u  ,  vAPAN 


te.ie»  .  ..  jt<en  or  j  <e+  two  dimensional  electron 
eiev.tr  ;n  Jesuit/  between  lO^/ctf-  and  3*l0*^/cm^  formed 
^e  of  solid  eu'.  tiectron  conductivity  is  measured 
jf  the  c.-arud  density,  the  density  of  scattering 
oerat^re  »n.j  driving  electric  field  strengtn.  «nen 
lenity  '  4gn  .  trie  electron  correlation  was  founj 
*y..rtj •  ?  tine  .n  trie  transport  phenomena  .  Electrons 
r  j  r  t'ir-  'e,iy«  film  adsorbed  on  solid  neon  are 
:  : t  .s  shown  that  surface  electrons  wi tn  nigh 

Mty  ;s  stable  in  the  present  system. 


iOCG  itwo  dimensional  electron  gas)  r'romed  on  the  liquid 
"e.ium  -wfT'ace  nas  oeen  intensively  studied  for  this  decade  as  ;i 
jives  jn  ideal  testing  ground  for  classical  2DEG.  One  of  the  most 
>igi;Mcani  discoveries  in  this  system  is  me  electron  crystal 
.dused  Dy  correlation  effect  ti). 

’he  phase  transition  of  electrons  to  tne  crystal  nas  oeen 
*  0u>'  q  ro  be  cnaracter  izeo  0y  a  relation  “  s  (  nNg  )  *e  '/kT.-  i  J 1  (1), 
where  Ng  is  tne  electron  density  ano  T  Is  the  temperature.  T  jives 
a  measure  jf  the  strengtn  of  electron  correlation  for  a  class. cai 
20EG .  In  the  hign  region,  however,  a  slight  deviation  of  the 
jnase  diagram  from  the  r=131  relation  nas  oeen  recognized  C2), 
•nic'  nas  Deer  attriDuted  to  the  change  of  tne  electronic  state 
from  the  ciasslcai  to  the  degenerate  quantum  state.  unfortu- 

nately.the  Quantum  effect  observed  was  very  weak  even  at  the 
9  2 

highest  N^.2.10  /cm‘  v  3 )  whicn  can  oe  sustained  on  the  liquid 

nelium  surface.  In  order  to  clarify  tne  quantum  effect  on  the 

9  2 

electron  correlation,  a  new  2DEG  with  Ng  aoove  2*10  /cm  is,  thus, 
required. 

It  is  nqt  easy  tu  find  sucn  a  new  System  among  20  electron 
Systems  formed  inside  of  solids  ,  because  electrons  with  low  Ng 
are  llaDie  to  De  localized  due  to  lattice  imperfections.  Electron 
systems  on  the  outer  surface  of  dielectric  materials,  on  tne  other 
nano,  will  oe  candidates  for  the  new  system,  since  electrons  on 
the  surface  of  solids  are  less  affected  Oy  imperfections. 

In  a  paper  in  which  Cole  et  al.  (4)  predicted  the  existence 
of  2D  electrons  on  liquid  helium,  they  also  shouted  that  20  electrons 
are  possible  or.  tne  surface  of  solid  neon  ana  hydrogen.  Trlyanav- 
skil  et  al.  (5)  were  the  first  to  demonstrate  that  electrons  are 
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*  "  ese  mat  e  t 1 a 4  3  . 

*  *  r  e  v . e*  jr  • '  e  ■• 


density  n  on  the  surface  is  determined  by  tne  voltage  v  as 


iits  formed 


’’  '  ■  • ,J  i  •  >-  •'  «<■>  u.r-d  t  -at  elect  r  jn>  jn 

,Sf*  ‘  ‘“  J‘ “ ' er  «"  «'  c-  a»>o  tr.at 

'  v  ‘h  ••'■  '  '*•  ‘  T*  »ff  laeii.t.tf .  'his  r.e«i 

>1’  'tee  •  ■  •  •••*'■  ‘  •*•!«  r  *i.l  jp*r  a 

•  j**l*  g  ‘.he  .Juu  ettfLts  .Ctv,,  -aLle  .  j..es  *►.« 

■  •  » r  •  >■  r  <:  j  l  v ;  t-  .  •  •  ■  .  a  •»  r  a  t  cm  .  .« 

*  -  11  '  '  s  '■>  e*d*«ined  as  functions  of  %^(  tempe- 

-  • 1  »  '*  ■> i  •  >*.  ; ..entc:s  jnu  t»  e  strength  ,,t  driving 

•’  •-  ‘  **n  vaf  eie.tur,  .^relation  play,  ar. 

■  ’  -  .e  ir  ’  ’  k  ■  .  v-  region . 

>r-'  i:jk.pec  jr.  a  ht».i.,m  M.m  is  anctner 

f  *,|1»  review  n-3  we  have  found  that  electrons 

>  .«.•  ff.i/  f:**s  adsorbed  on  solid  -eon.  Moreover,  it 
*  "at  e.earons  witr  nwCr  -ngher  trdn  that  accessible 

...  '  ;an  oe  formed  on  tr<<  Surface  jf  helium  films. 

*»  ••  t  .  t  er-.t  a  .  P0i.etJ.iea 

..erimchtai  arstem  Shown  in  ne  inset  it  fig.,  consists 
''**  r  .at  oiate  entireties  and  a  glasa  P.ate.  ’wo  electrodes 
c  :  • r  e  oottj.r.  of  the  jiajj  P  J  *  C  e  .  T  he  y  are  Sep  a  r  a  - 

‘  *  '  .tf,er  Uy  a  jap  ibOut  lo^m.  *hese  eie^t  t  Jjes  are 
’  :  * 1  '  u  atf  j-t  i.  .e'tivt’a  a  no  l  u  measure  the  euCtror 

'  •  *  • 1  r  ■  'he  t^'ird  e. tetrode  is  located  i  'em  mi. x  me  lets 

-  I**’*'1  pxate,  «'  .uhf  lt»is  the  e. metrical  ,ruuncj  .evel. 

.  j.f,  solid  -  eon  with  a  thinness  of  '.C-JOpft  Is  formed  x». 
jsa  K.jfe.  Keeping  tr-e  bottom  eiectriJes  at  a  positive  ot 
-•eotrui's  are  feu  o«. to  the  sur'ace  of  <eun.  ’he  electron 


■1 


is  t’e  capacitance  between  the 


N  sLv/e,  an  ere  d  /t  *d  /t 

e  0  i  g  n  n 

e.ectron  jMfet  ind  tne  bottom  electrodes  for  unit  area.  Mere,*., 

u 

.  s  the  permittivity  of  <acoum,  j,  and  ar  are  the  tnickness  of  tne 

g  n 


glass  piate  af-d  the  solid  neon,  and  l  , 

J 


c ,  s l . 2 <•  are  the  dielec¬ 


tric  onstants  for  tne  glass  ana  solid  neon  ,  respectively.  for 
tne  present  system  (d^-d.lbmm,  dn*10um),  *e  obtain  Ngi  I  . J7x  IUB* 
(v/ivoit.  /cm^,  i  It  is  noted  that  *hen  electrons  with  Ng  are 
trapped  on  the  surface,  they  are  pressed  to  tne  surface  by  an 
electric  Meld  t  =  i  .dxiO^tN^/ 1  iQ10/cm^  }  j  volt/cm.  ) 

the  resistance  hi  of  the  electron  sheet  Is  determined  by 
applying  an  rf  electric  voltage  vff  on  one  of  tne  bottom  elec¬ 
trodes  ano  measuring  tne  image  Current  signal , 1 ,«hlcn  appears  on 
tne  other  electrode.  Tne  signal  is  written  as 

1  *  Al  i/(  l.(wCeR)  1  )  vluiCe«/(lvi*jCe«)*)3-Vrf 
where,  w  is  the  angular  frequency  of  tne  rf  field  whicn  is  about 
nMm  in  the  present  experiments.  A  and  are  tne  constants 
wnlcn  depend  on  the  electrode  arrangement. 

■men  tne  absolute  value  of  the  conductivity  o  is  needed,  we 
have  measured  the  magnetoresistance  m=(R(m) -R(0) )/R(0)  .  This 
gives  tne  magnetoresistance  mobility  p  as  p«M/M*.  Using  the 
value  of  p  •«  can  calculate  the  absolute  value  of  o  as  o *Neeu  • 

5.  Electron  mobility  in  the  low  region 

In  this  section,  the  conductivity  of  surface  electrons  with 
low  enuugh  so  that  electron  correlation  is  negligiole  is  dis¬ 
cussed.  figure  l  snows  tne  electron  mobility  at  a.2k.  The 
Mbiiity  is  measured  as  a  function  of  tne  density  ,n^.,  of  helium 
gas  atoms  which  nave  been  intentionally  introduced  into  the 
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e  ►  cer imeot a i  :ei..  It  is  one  :f  the  imoortant  advantage  of  the 
ore?.ert  system  :n at  *e  ran  control-  the  density  of  the  scattering 
:e- : er  s  with  :tner  renditions  fixed. 

*he  data  In  ^ig.i  are  exciained  oy  considering  two  scatter- 
.~g  -e :-ani «ns .  me  surface  roughness  scattering  and  the  helium 
:as  it:m  scattering. 

. ;»  n  .  r  e  g : :  " 

-s  *'a:  a s  me  gas  atom  density  is  net  so  nigh,  the  scattering 
:s:e  :r  me  inverse  ; '  the  scat'ering  *ime  .  r  ‘  ‘ ,  of  the  electron 
.s  J-c:°ssea  3s 

xre:e  ’ r~ '  .s  me  scattering  rat,?  rue  to  ne*ium  gas  atoms 
«r ;  s  orooort icna i  tc  h.  , ano  tc”1  is  the  scattering  rate  due 
;  me  surface  rougnness  which  is  ingeoendent  of  but  depends 
:n  *ne  character  jf  me  surface. 

-rem  data  in  fig.’,  «e  can  deduce  rG  and  ts  , separate- 

...  «e  *G»  I .  u  . « IQ" 1  *  /  [  mq/ '  102C.  cm3)  3  sec  ano 

.»« .S7«i0‘‘2  sec  .  i.?ixio“4‘  sec  for  two  different  neon  sur¬ 
faces. 

'  e  theoretical  calculation  of  tne  scattering  time  for  a 
classical  :oeg  nas  oeen  performed  by  Saitoh  (?)  .  He  has  given 
i ■ -7» .0* * ( b/A)/ f n^/ ( 102C/cm3' )  sec.  Here,  0  gives  the  exten- 
t . on  of  tne  electronic  wave  'unction  u  *  ( 4/b' ) 1 1  2zexp( -z/b ) 

tn*  direction  t  normal  to  the  surface.  Since  b  for  electrons 
or  »c*id  -'ecn  is  estimated  to  oe  L9&  a),  «t  obtain  tg«2. 79xio’12/ 

n./  .’J*  '  cm '  ;  sec.  this  value  agrees  with  the  experimental 
results  within  s  ‘actor  of  2. 
ii  n.gh  region 

*ne  linear  relation  of  on  orea*s  when  is  nigh. 


In  Fig. 2  ,  we  see  that  ?G'1  increases  nonlinear!/  with  n,.  in 
the  region  ng  >2x  lO^/cm*  .  He  have  found  that  the  critica*  'ir 
oeDenas  on  the  temoerature.  for  examples,  when  T  is  13K,  t-’4 
is  proportional  tc  Mr  jp  to  N-=4xl02^'cm^  wnereas  at  "■2.9k,  the 

J  u 

_  2Q  x 

deviation  from  rG  ^  ng  relation  oegins  at  N„  =  l .  5xiO  /cm' . 

At  critical  densities,  tne  mean  free  oath  of  an  electron  is 
found  to  oe  comparable  to  the  wavelength  of  the  lectron.  This 
means  that  in  nigner  ng  than  the  critical  density  ,  interfer¬ 
ence  of  adjacently  scattered  electron  waves  is  important. 

The  abrupt  increase  of  rG_i  in  high  ng  is  ,  thus,  to  be  explained 
from  the  point  of  view  of  the  localization  of  2D  electrons  ir  a 
random  potential.  Similar  phenomena  have  oeen  observed  for  the 
30  electrons  in  the  oeiium  gas  space  (  LO)  ana  for  the  20  electrons 
on  iiauid  helium  (11). 

«.  Electron  conductivity  in  the  high  Ng  region 

He  have  succeeded  in  forming  a  20EC  with  Ne  up  to  JxlOi0/c«2. 
This  value  is  about  one  order  of  magnitude  higher  than  that  can 
be  sustained  on  liquid  helium.  Here,  we  discuss  anomalous  trans¬ 
port  phenomena  in  the  nigh  Ng  region. 

One  of  the  anomalies  is  shown  in  rig. 3,  where  the  conductivity 
0  is  plotted  against  tne  electron  density  Ne .  In  the  region 
9  2 

no  <10  /cm  ,  the  conductivity  is  normal,  that  is  ,  it  is  r  .mly 
proportional  tc  ,  while  in  the  higher  Ng  region,  the  value  of 
o  tends  to  saturate.  This  implies  that  in  high  Ng,  either  some 
part  of  electrons  are  localized  or  the  electron  mobility  de¬ 
creases.  Hagnetoresi stance  measurement  has  shown  that  the  change 
in  the  mobility  dominates  the  phenomenon. 

To  clarify  the  nature  of  the  conductivity  anomalies. 


65 


66 


t 


'.-e  measurements  :f  *.ne  conouctivity  as  3  *'«.r  c- 
-e.  jti  da.s  :ensitv.  ang  nave  *ouna  that  v~e 


*-e  motility  :s  effected  by  v.e  e*ist3 


Sv-r  i  >  *ie4;j<n  ga<  atoms. 
■  •  i  :  ?  w n  .  ■*  *- :  3 .  * .  T  he  ■? 


'-•*  r  are  s'-  wn  .  •*  :  g .  < .  The  «*ect:-:n  •Tens:'.  n  = 

•  .  ; t1  ’  r e.:; '.  V'e  regain  wh*»re  the  electron  transport  .s 

C  •:«*■  reirngs  t -  the  recir-  wrere  -he  :r.~- 
rat  .  .  <■  :cse:vec. 

'  :?^r=:°  **>*r  tat  i  :•?  *  fcr  two  n  .  we  •entativeiy  assume 


fe  ^ctli.ty  ; r.  nign  N  ‘ 


C3t  a  ortt-iss  ana  Kat 


.  •irpr1'  f  *»  *  :  rst  t  wo 


iue  to  tv,f-  jDC’5:  - 


erms  correspond 


■->  3  s- ■"  ur*j'.  e  : 'uc*-r,ess  ic  t  *  e  r  :ng  .  jnv  the  •'•Ire 

•r<*.  ■  :  :-i  -e  "e a  .  _  stter  l-.g  or:t“Si.  Lir.ce  -“'T 

:  ;  j  -  .  .  1  *  .  L  ’’  *m‘,  i . iC?/cm; .  -  r"1  *.l* 

.  '  : '-e  iC.id  ’urae  ;r  *_ne  ‘igure  g;/es  t.’1  tor  Ne=<?.7* 
.  *  :r- .  :  icte-r  that  -„"i  increases  with  increasing  i_  . 

.  •.  "act  ;s  .-iccr'jrt  ii-'ce  :t  indicates  that  the  reduction  of 
*  gn  \o  o«‘oerO'>  or,  v;e  Jersitv  of  the  scattering  centers  ano 
.geest  t  '-r  t-e  .  i^o -ct :  / .  t  /  anomaly  is  due  to  the  electron 


t:;n  .  at  .  :,ri  :ces  '*ct  affect  the  conduct :  v :  t  y  by  it- 

,  e  .  t  .•=  a-  .''re:  forc-o.  However,  it  ether  scattering 
ron  .cireiation  may  ennance  the  scatter. ng 
•  -e  :  :r  cue  t .  / :  t  y  as  is  shewn  in  me  experiment  in  -'ig.a. 
.  ;je-ce  wnc"  -cws  me  ccnouc t i vi ? /  anomaly  is  due  to  me 
\f  *»  ‘or*  . c  si‘.c  obtained  from  the  value  of  r  at  the 
30-e  onich  th**  ;at*.ration  in  o  is  observed.  ror  3n  exam- 
9  7 

3  ;m  at  gives  r=iU.  it  is  well  -nown  mat  the 


electron  correlation  effect  becomes  important  when  -  exceeds 
this  value  ‘ 12, i . 

Another  interesting  phenomenon  is  seen  in  tne  temperature 
dependence  of  conductivity.  Figure  5  snows  tne  preliminary  rata, 
dhen  Ng  is  low.  j  is  rather  independent  of  T,  while  in  high  NftI 
?  neDends  strongly  on  t.  it  seems  that  there  exists  a  critical 

tt  vr°  f r  oeiow  which  the  decreasing  rate  of  s  with  decreas¬ 

ing  r  is  very  high.  This  temperature  becomes  nigh  wnen 
is  high,  we  emphasize  that  the  value  of  ?  calculated  *'or  eacn 
T .  and  gives  r=  1 3 S  which  is  the  value  where  the  electron 
crystal  :s  exoectea  to  oe  formed  '1).  The  highest  Tc  «e  aotameo 
:  i  .  5K  fer  .6xlO‘°/Cl»J. 

Nonlinear  transport  phenomenon  is  also  a  characteristic  fea- 
ture  of  the  present  electron  system  with  nigh  N  .  It  seems  as  if 
the  efrect  of  electron  correlation  which  causes  the  reduction  of 
a  becomes  less  effective  wnen  the  driving  electric  field  is 


5.  Electrons  on  thin  films  of  liquid  helium 

Electrons  on  thin  helium  films  nas  been  a  object  of  theoret¬ 
ical  investigations  (14)  because  no  experimental  attempts  have 
succeeded  in  forming  stable  electrons  on  thin  helium  films.  Here, 
we  give  an  experimental  demonstration  that  electrons  are  stably 
trapped  on  thin  nelium  films  which  is  adsorbed  on  so. id  neon. 

Figure  6  is  the  electron  conductivity  plotted  against  the  gas 
atom  density  ror  t32.02k  (6).  In  the  vicinity  of  “.he  saturated 
gas  density  for  2.02k,  we  nave  observed  a  sudden  increase  in  a  . 
This  increase  in  a  has  been  attributed  to  the  electrons  floating 
on  the  surface  of  helium  film. 
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.  :e  1  jives 
.-ntiS,  J 

a  f  1  i  m  wim 

Ples^mg  f 


tne 
7  .  d  J  . 


iei  J 


c-nd...ct ;  v  1 1 1  plotted  against  me  nelium 
►  jr  a  very  low  pressing  electric  Meld 
is  aoout  3.5  times  of  mat  on  solid  neon. 

£  is  nxgn,  tne  mange  In  o  Is  less  signlfi- 


....^nout  me  region  .t  j  in  *ig.7,  electron  scattering  Is 
•ateO  oy  nelium  gas  atoms  with  a  constant  density  wnicn  Is 
.jicJ  density  at  temperature.  In  sucn  a  case,  ,me 

.  _r  due 1 1 v 1 1 y  is  proportional  to  me  range  of  the  electro- 

•  met  ion  is  is  *nc«pn  j  y  Sait  on  kH,. 

•  ave  'unction  of  e.eLtiors  is  jetermmed  Oy  the  potential 
•  • e  electrons 


; r  s t  ter  *  . 

.  *  m«t  1 1  .,m 


•  *•.  •  til 

'  c  .  potent  ia.  due  tJ  the  nelium  *llm, 

ie  sw.io  neon  and  the  third  term  is  me 


' . e .0  potent  1  a  i  . 

"e  uressl'g  f.eid  t  ;>  -ea* ,  me  range  of  the  wave  func- 
»  ,es  f rom  *iA  'or  j,o  to  7& 6  for  d«  -  The  solid 

4  ’  gi^es  f he  . j 4ut  o'  o  for  E»0.  The  agreement 

r.k,i>i  :»cnt  mj  mcwfy  is  good.  wn*n  a  nlgn  pressing 
lt.M;  iej  ,„n  tr*  :tr«r  nano  ,  tne  third  term  of  me  aoove 
me s  tmpcrtj  rt .  since  mis  term  is  independent  af  a, 
c  « 1 1 n  1  [.o r ea v »r.g  d  L»  small,  which  explains  the 

:  es-.ts  tor  i  -u,  y>»C*v/cm  m  fig.  7. 


r  :i.,i,Lle  ano  tne  surface  electrons 

»s  '..een  pointed  -ut  meo ret  i c a  i  i  y  met  electrons  with 
,<  tit  so  st  a  » f'ed  on  bulk*  liquid  ne  1 1  j#  an  oe  trapped 

.  >m  fims  ,51.  Tnis  is  because  a  thin  film  is 


*tiff  due  to  the  van  der  aaals  force  from  the  suOstrate( 16 )  . 
for  electrons  trapped  on  tne  helium  film  adsorbed  on  scilc 
neon  ,  me  can  say  more,  that  Is,  *e  can  snow  that  electrons  are 
staole  even  if  me  film  is  not  stiff. 

To  snow  this,  we  compare  the  energy  of  surface  electrons  with 
tnat  of  electronic  state  In  the  neJ lym  fl.m.  In  our  system,  tne 
possible  electronic  state  in  tne  film  is  an  electron  ouooie  (;?,$: 
at  the  interface  of  solid  neon  and  liquid  nelium.  In  the  oressmg 
field  E,  the  energy  of  the  ouOble  electron  is  estimated  to  be 
about  0.2eV-eEd  (17)  ,  where  the  first  term  is  the  formation 
energy  of  me  OuOble  state  In  the  liquid  nel.um  and  the  secono 
term  comes  from  me  fact  that  the  bubble  is  located  at  a  distance 
j  oelow  tne  surface  of  nelium  film.  m  the  other  hand,  the 
energy  c  of  the  surface  electrons  is  written  as  c  »  \  *  , 

wnere  Is  me  binding  energy  of  the  electron  and  <T  is  the  Kine¬ 
tic  energy.  Since  tv<o.2ev,  the  energy  of  the  surface  electron 
is  lower  man  mat  of  a  ouooie  electron  unless  eEa>0.2ev.  for 
d«iQOA  ,for  an  example,  this  gives  E>2* lO^v/cm,  This  value  of  E 
corresponds  to  N^lO^/cm2  as  Is  shown  in  section  2.  Thus,  it  Is 
shown  mat  electrons  wltn  N#«iO**/cm*  are  stable  on  e  helium  film 
of  IQCA  . 

In  sucn  a  nign  E,  however electrons  once  Jumped  Into  the 
nelium  film  will  stay  there  for  a  long  time,  since  It  Is  very 
difficult  for  an  electron  in  the  bubble  to  tunnel  onto  the  surface 

oy  recei-lng  the  surfaca  tention  energy  from  the  DuOOie.  On  tne 
10  2  0 

other  nano,  If  N^umlO  /cm  for  d»lOOA  ,  it  Is  shown  mat  elect¬ 
rons  in  the  bubble  can  come  onto  the  film  surface  in  a  short  time 
by  leaving  the  bubble  as  it  is.  In  this  sense,  we  can  say  that 
electrons  with  Ne<a« l010/cm?  on  a  helium  film  with  d*lOOA  is 
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Ng  ( cm 3 ) 


Electron  mobility  aganist  the  helium  gas  density 
fcr  t*c  different  neon  crystals.  The  solid  line  gives  the 
theoretical  calculation  bv  Salton  (9).  The  inset  shows 
tne  e*oeri»er»tai  system. 


Fig. 2  Resistivity  («  u"l>  of  electron  sheet  against  Nc. 

Tne  inset  is  an  enlarged  figure  of  the  results  in  low  N( 
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CRITICAL  ELECTRON  DENSITY  AT  THE  LI^JID  HELIUM 
SURFACE 
V.  B.Shlkln 

Institute  of  Solid  Stata  Phyaica,  Acadamy  of  Sciences 
USSR,  Cbernogolovka,  Moscow  district  142432,  USSR 

Various  poaaibllitlsa  ars  dlscusssd  of  increasing  tbs 
-  i 1 ti cal  slsctron  density  on  tbs  liquid  helium  surface# 

In  rsoent  years  Intense  search  has  been  wade  of  various 
u-t.tr.wOa  to  highten  critical  electron  density  at  the  liquid  he¬ 
llos  surface.  One  of  these  methods  expose  to  use  thin  bellies 
him  as  a  substrata  for  ths  two-dimensional  slsotron  tyatea. 

In  such  fllws  exlsteoos  of  the  additional  van  dar  Vaala  foross 
i r.cr saaea  considerably  the  capillary  constant  It  of  helium 
wlI'O  leads  autoaatlcally  to  lncrsass  of  ths  orltlosl  density 
r.  of  the  electrons  on  ths  film  as  compared  with  Its  bulk  va- 
]  -ie.  Thla  idea  is  supported  by  quantitative  calculations  [l-j\. 
‘"here  are  also  first  experimental  data  which  confix*  that  this 
Mas  1  h  ;  -i/iaonabls  [4-  6]  .  Bowsvsr,  la  ths  given  case.  If 
'lie  has  in  alad  Wigner’e  crystal  11  xst Ion,  ths  qusstlon  Is  that, 
in  fact.  It  la  a  new  pro bias  slnos  on  s  thin  belli*  fils  we  deal 
n't  with  the  Coulomb  but  with  the  dipole  gas  (ths  distance  bet- 
ween  electrons  on  s  thin  fila  Is  comparable  with  tbs  dlstanos 
between  an  slsotron  sad  a  bard  substrata,  so  saob  slsotron 
::  teiacte  aelnly  with  its  laage  but  not  with  ths  neighbouring 
electrons),  Thla  problem  Is  being  developed  suooessfully  (Mo- 
i.arktm  \}\  )  but  ty  to  now  only  theoretically* 

v'ne  a  ore  possibility  has  been  outlined  recently  in  conns- 
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ction  with  ths  expariJosota  by  Savigoao,  Leidsrar  [7]  and  Volo¬ 
din,  Idalaan  [s|  .  In  the  first  of  tha  work,  nantionad  It  was 
shows  that  a  aultlalactron  dlapl#  on  ths  solid  ballua  surfacs 
can  exist  in  the  region  of  electrio  field  exoeedlng  considerab¬ 
ly  (3-4  tines)  the  field  E*‘*  at  which  such  dimple  appears. 
Accounting  that  tha  charged  core  radius  Cl  of  a  aultlalactron 
dlnpla  is  inversely  proportional  to  E^  squared  In  ths  range 
ZQ«i  and  the  eleotron  density  nm  in  ths  dinple  osntsr  has  tbs 
scale  n,-\j  a’1  ,  it  is  easy  to  sea  that  tha  slsotron  density 

If 

n(  (lncraaaing  as  E^  aa  tba  electric  field  incraaaaa)  can 
exoasd  conalderably  tha  orltlcal  homogeneous  slsotron  density 
above  bulk  hsllin.  In  other  words,  a  aultlelectron  dimple  la 
a  suitable  object  for  oraatlon  slsotron  densities  on  the  helluw 
surface  higher  than  tha  crltloal  homogeneous  one. 

An  independent  but  ideologically  vary  olosa  to  raf.  [7] 
result  has  been  obtained  by  Volodin  and  Sdel'aan  [ej  •  Tha 
authors  [s]  showed  that  using  special  substrata  for  a  liquid 
bellun  fila  shlch  had  tha  form  of  a  ooab  with  tba  tooth  height 
K  being  of  tba  order  of  tha  hellia  capillary  oonatant  and  a 
typical  period  much  loaa  than  Tt  ,  one  can  sharply  increase 
tho  orltlcal  lnatabillty  field  maintaining  tha  alootron  mobili¬ 
ty  on  the  helium  film  chmractarlatlo  for  the  oaae  of  bulk  hellua. 
It  la  worthy  to  note  that  thu  Idea  about  artificial  auppreaalon 
of  the  capillary  lnatabillty  of  the  ohargad  aurfaoe  of  bulk 
helium  by  boundary  conditions  hindering  development  of  charged 
liquid  aurfaoe  vibrations  with  Mall  wav#  numbers  (of  tba  order 
of  the  oaplllary  constant)  has  been  presented  In  tha  Williams 
review  article  1 9]  •  Thus,  it  la  a  useful  idea  with  auooaaa- 
ful  applications*  It  la  avldaat  also  that  tha  results  though 
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they  oat**  to  differ  from  each  other,  present  arguments  In  favor 
>»r  ti,u  rt-i  vonttt^oa  of  multi  electron  dimples  and,  especially,  ar- 
Mfical  uubo  t.H  objects  with  hightened  critical  value  of  elect- 

r.  n  ty. 

In  ttio  given  note  mechanlm  of  destruction  of  a  multlelec- 
tron  diCiJe  in  a  strong  electric  field  is  dlacusaed  and  a  oriti- 
oi  electron  density  in  the  dimple  la  estimated  when  such  destruc¬ 
tion  uccuxa, 

In  order  to  obtain  quantitative  information  on  conditions 
or  toe  dimple  destruction  In  a  strong  electric  field  we  con¬ 
sider  the  general  equation  of  meobanlcal  equilibrium  near  the 

dimwit,  center 

J  e£  •  M  Cl) 

R2  x  j 

Hern  i  is  the  surface  tension  coefficient,  R  end  R  i  are  the 
;:n:ri  curvature  redil  ef  the  dimple  surface,  n  (*t)  la  the  elect¬ 
ron  dlatr Station  in  tbe  charged  dimple  core,  X  la  a  two-dimen¬ 
sional  rudiua  from  the  dimple  o enter.  Tbe  gravitational  t era 
in  eq.  (1)  Is  omitted. 

Using  the  general  definition  of  the  mean  curvature  of  the 
dimple  saif and  expansion  of  tbe  shape  \  ('%')  of  the  dimple 
surface  near  Its  center  In  the  form 


for  the  normality  condition  ^  n(x^  dS  t  N 

ii<a 


7*>'* 


one  may  write  eq.(l)  ae  follows 

J  T*  *  ~7  1  1  eEinU')  (J) 

i  •  i  ♦  ( O  i  ] 

Integra*. it.g  now  both  ports  of  eq.O)  over  th#  area  *W  <*  where 
■  \  ^  iiie  radlua  of  the  charged  dimple  core  and  accounting 


U*(OVr»  lir°(' 


Q  --  e  N 


The  eq.(4)  gives  us  relation  between  ^  and  <X  • 

The  aeoond  of  the  equations  dasoriblng  according  to  ref a. 
[lOj  ,  [ll|  tbe  equilibria  lineebape  of  tha  dimple  has  the 
form  CE^  t  ^  *oonst  (  is  tha  alactropotantlal 

associated  with  the  electron  distribution  r\  (a)  on  the  dimpla 
surface).  This  equation  is  valid  in  the  region  of  high  fields 

N 

and  yield.  an  additional  raiatlnn  between  %  o  end  a 

^  *  V! T®  /‘1<i£L  (5) 

Combining  determinations  (4)  and  ( 5)  we  have 

fac/a)1  =  ({-  \|T^U*  )/lAl  (6) 

A  1  e'  Q.  /WV1  ,  *1  *  \-cQ. /nex 

In  tbe  limit  A«i  the  value  ft»VltV/lE*  following  from  (6) 
coincides  within  a  factor  accuracy  with  the  definition  "a"  from 
refs.  [lO  ,  ll]  •  This  definition  of  ”aN  is  independent  of  Q 
and  lnvarsely  proportional  to  #  But  if  A  ■*  ^  the  altuatlon 
ohangee.  It  turns  out  that  the  definition  "a”  fre*  (6)  la  valid 
only  in  the  region  A  <  ^  or  which  la  the  same  whan 

6i<  C  .  C*  (7) 

This  inequality  dafinaa  at  a  given  Q  tbe  value  of  the  oritl- 
oal  field  deatruotlng  the  dimple.  The  corresponding 

O  from  (6)  becomes  s  function  of  Q 

=  *itq  /h  6^"  (6) 
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Dynamics  of  Dislocation  Mediated  Halting 
of  a  Two -Dlaans Iona 1  Elactron  Lattlca 

D.B.  Mast,  C.J.  Guo,  M.A.  Stan,  R .  Mehrotra,  T.Z.  Ruan,  and  A.J.  Daha 
Caaa  Waatam  Reserve  University,  Cleveland,  Ohio  44118 

Abstract 

The  power  absorbed  by  a  two  dlaensional  sheet  of 
electrons  when  driven  in  a  low  frequency  congressional 
aodc  exhibits  a  sharp  maximum  versus  teaperature  just 
above  the  melting  point.  The  dependence  of  this  excess 
power  absorption  on  frequency  la  explained  by  the  theory 
of  dislocation  aedlated  melting. 

Measurements  of  dynamic  properties  of  a  2D  electron  lattice 
supported  by  a  liquid  hellua  surface  in  Che  vicinity  of  the  aelt Ing 
point  are  reported  and  are  interpreted  with  the  theory  of  suiting 
via  the  dissociation  of  dislocation  pairs.  The  data  are  fit  very 
well  by  this  theory,  and  we  believe  that  these  measurements ,  coabined 
1th  the  aeasureaents  by  Gallet  et  al  1  on  the  abrupt  drop  in  the 
sheer  modulus  at  the  melting  point,  provide  convincing  evidence  in 
support  of  dislocation  mediated  melting. 

A  cross-aect Ion  of  our  experimental  cell  is  shown  in  Fig.  1. 

Our  measurements  consist  of  driving  a  low  frequency  coaprees lonal 
mode  of  the  lattice  (parallel  to  the  liquid  surface)  by  applying  an 
ac  voltage  at  angular  frequency  u  to  electrode  T^  near  one  side  of 
the  crystal  er sampling  the  capacltively  induced  response  of  the 
electrons  on  electrode  T^  located  near  the  opposite  side  of  the 
lattice.1  The  la  phase  component  of  the  detected  signal  can 
be  shown  to  be  proportional  to  the  power  absorbed  by  the  lattice. 

Superimposed  on  the  background  power  lose  ceueed  by  the 
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scattering  of  rlpplono  froa  the  cryotal  la  e  sharp  excess  power 
lose  peek  that  occurs  in  the  vicinity  of  the  malting  point.  This 
excess  power  loss  has  been  measured  ee  a  function  of  temperature 
In  the  range  1-55  MU.  The  temperature  dependence  of  tho  excess 
scattering  peeks  for  two  excitation  frequencies  le  shown  in  Fig. 

2.  The  temperature  et  which  maximum  power  loes  occurs  la  a  mono- 
tonlcally  Increasing  function  of  tha  frequency  of  the  excitation 
voltage.  This  lose  peek  la  tha  direct  analog  of  the  dissipation 
peak  In  the  experiment  of  Bishop  and  loppy1  on  a  thin  liquid  heli¬ 
um  film,  and  the  explanation  of  our  experiment  parallels  theirs 
with  dislocations  playing  tha  rola  of  vortlelea  In  hslitm  films. 

Our  experimental  results  ere  Interpreted  within  the  frame¬ 
work  of  the  2D  melting  -heory  of  Koaterlltt-Thoulees*,  Helper in- 
Xelson* ,  end  Young.*  In  thia  theory  dislocation  pairs  exist  in 
thermal  equilibrium  below  the  melting  twperature  T^.  As  T^  la 
approached  from  below  tho  average  eeparetlon  of  the  two  partners 
of  e  pair  Increases  with  increasing  temperature,  end  et  T^  some 
pairs  separate  to  become  free  dislocations.  At  tMparatures 
above  T^  both  pairs  end  free  dislocations  exist,  end  tha  density 
of  free  dislocations  Increases  rapidly  with  temperature.  In  the 
absence  of  dislocations,  Che  energy  of  our  compressod  lattice  la 
stored  as  elastic  energy  end  la  give  back  to  the  power  supply  as 
the  voltage  is  removed.  However,  whan  either  free  or  paired  dis¬ 
locations  ere  present  they  move  in  such  e  way  as  to  relieve  the 
lattice  strain  caused  by  the  distortion  of  the  lattice  end  dis¬ 
sipate  energy  by  creating  lattice  phonons.  This  leads  to  the  ex¬ 
cess  power  dissipation. 

The  temperature  dependence  of  the  excess  dissipation  has  been 
worked  out  by  Ambegaeokar  et  *1.*  The  equations  dsscrlblng  the 
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The  critical  density  In  the  dimple  center  no  -  1/  *  a  . 
with  allowance  for  (®)  8111(1  (7)  ia  afl  follows 


according  to  (9)  inoreaaea  as  the  total  charge  Q  decrea¬ 

ses*  This  circumstance  should  be  taken  into  account  when  looking 
for  possibilities  to  hlghten  critical  electron  density  on  the 

helium  surface.  The  numerical  value  for  N^IO^  is  of 

10  -2 

the  order  h  f  >-  10  cm  • 
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dislocation*  iri  analogous  to  th*  aquations  of  a  charged  2D  ga*. 

Whan  a  "teat"  dislocation  (charge)  is  introduced  into  the  lattice, 
other  paired  and  free  dislocations  (dipoles  and  charges)  respond  to 
screen  the  strain  created  by  the  "test"  dislocation.  This  screening 
can  be  written  in  terms  of  a  dielectric  constant.  The  difference  be¬ 
tween  the  usual  dielectric  medium  and  this  system  is  that  the  dis¬ 
location  pairs  (dipoles)  occur  with  various  pair  separations  r,  and 
thus  with  different  polarisabil it les .  The  dielectric  constant  c(r,T) 
is  greater  for  pairs  with  large  r  since  these  pairs  are  screened  by 
smaller  bound  pairs.  Because  of  the  enhanced  screening  of  the  strain 
field  for  larger  pairs  and  the  logarithmic  interaction  between  dis¬ 
location  pairs,  large  pairs  are  more  weakly  bound  when  compared  to 
smaller  pairs. 

The  power  dissipation  P(T)  for  dislocations  can  also  b# 
written  from  analogy  with  a  charged  system  as 


The  raal  part  of  c  -  c ’  ♦  lc"  i*  due  to  tha  polarization  of 
pairs  while  the  imaginary  part  is  due  to  the  lossy  motion  of  both 
paired  and  free  dislocations.  Since  c'  is  nearly  temperature  indepen¬ 
dent.  a  maximum  occurs  in  th#  power  dissipation  when  c"  *  C'.  The 
temperature  dependence  of  P(T)  la  obtained  by  lr.tegratlna  the  Kosterlltr- 
Thouleaa  equations  nuaer leal ly 7  to  evaluate  c'  and  c"  at  a  series  of 
temperature*  and  then  substituting  these  values  into  Eq .  (1). 

The  reason  for  th*  observed  frequency  and  temptrature  dependence 
of  this  peak  dissipation  stems  from  th*  fact  that  pairs  of  different 


separation  r  are  bound  with  different  strengths  and  relax  to  equil¬ 
ibrium,  when  the  lattice  strain  is  removed,  with  different  relaxa¬ 
tion  times,  T  This  relaxation  time  la  given  approximately  by 

T_1  =  12  D/r1 ,  (2) 

where  D  is  the  dislocation  diffusion  constant.  The  pairs  which 
dominate  th*  power  losses  are  those  pairs  for  which  the  dislocation 
separation  la  such  that  <uT  *  1.  This  means  that  pairs  of  different 
separation  ar*  probed  at  different  frequencies  w.  The  dielectric 
constant  c(r,T)  used  in  Eq.  (1)  1*  thue  evaluated  for  a  particular 
value  of  r  given  by  r  »  (12D/u) .  Therefore,  it  la  the  temperature 
dependence  of  the  pair  separation  that  determines  the  temperature  of 
tha  maclmum  of  the  excess  scattering  peak  for  a  given  frequency. 

There  are  four  parameters  used  in  fitting  the  data;  T^,  D,  the 
dislocation  core  energy  Ec(vhlch  enters  the  expression  for  c)and 
an  uncertainty  factor  of  approximately  2  In  the  density  of  free  dis¬ 
locations.  The  temperature  dependence  of  the  maximum  power  absorption 
as  a  function  of  excitation  frequency  la  fit  very  well  with  D  ■  yoi^a1, 
where  is  the  maximum  transverse  phonon  frequency  and  a  is  a  lattice 
spacing,  and  with  E£  ■  ST^. 
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Figure  Captions 

Fig.  1  Cross-section  of  the  rectangular  (2.5cm  a  1.6cm) 
experimental  cell.  A  dc  voltage  applied  to  rha 
submerged  electrode  provides  the  holding  voltage 
for  the  electrons  on  the  helium  surface.  The  sym¬ 
bol  G  refers  to  an  outer  guard  electrode. 

Fir-  2  Excess  power  absorption  peaks  with  the  background 

subtracted  near  versus  temperature  for  excitation 
frequencies:  a)  23  MHz  and  b)  4.0  KHz. 
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LOCALIZATION  OF  ELECTRONS 
ABOVE  A  Me  FILM 
by 

Eva  Andrei 

Bell  Laboratories 
Hurray  Hill.  NJ  07974 


The  mobility  and  effective  as  si  of  electrons  above  a  liquid  He 
file  were  measured  as  a  function  of  film  thickness  for  different 
temperatures  and  densities.  The  film  thickness  was  varied  in 
the  range  lnn-700A  and  the  temperature  l  -.4°K.  For  films  of 
thickness  l600i-200oX  (depending  on  temperature)  a  sharp  44  order 
of  magnitude  drop  in  the  mobility  was  observed.  This  drop  was 
accompanied  by  a  8  order  of  magnitude  increase  in  the  alectronic 
effective  mass.  These  observations  are  strongly  suggestive  of 
the  locellzatlon  of  the  electron  in  s  polaronlc  state.  Theoreti¬ 
cal  work1*2  on  the  single  electron  polaron  predicts  this  transi¬ 
tion  to  occur  for  a  film  thickness  of  •'•lOoft.  Electron-electron 
interactions  are  probably  responsible  for  its  occurring  on  thicker 
films. 


1.  S.  A.  Jackson  and  P.  M.  Plataman,  Phys.  Rev.  B24,  499  (1981). 

2.  0.  Hlpolito,  C.  A.  Farias,  and  N.  Studsrt,  Surf.  Sci.  113,  394 
(1982). 
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Localization  of  Inversion  Electrons  on  InP 

w.  Hansen,  0.  Merkt,  and  J.  P.  Kotthaus 
Institut  fiir  Angewandte  Physik,  Universi tSt  Hamburg 
Jungl  usstraBe  11,  2000  Hamburg  36,  F.  R.  Germany 


The  high-frequency  conductivity  of  inversion  electrons 
on  InP  is  measured  by  Fourier  transform  spectroscopy.  At 
sufficiently  low  temperatures  deviations  from  Drude  beha¬ 
viour  are  found  that  reveal  localisation  of  ...rt  of  the 
carriers.  In  comparison  to  electrons  on  silicon,  locali¬ 
zation  on  InP  prevails  to  relatively  high  carrier  densi¬ 
ties,  frequencies,  and  temperatures. 

Recent  cyclotron  resonance  experiments  on  two-dimensional  (2D) 
electron  space-charge  layers  on  InP  have  revealed  anomalous  line 
shapes  that  cannot  be  a  Imply  described  by  cyclotron  resonance  in 
an  unperturbated  2D  electron  system  /I/.  By  analogy  to  earlier 
cyclotron  resonance  experiments  on  silicon  /2/  these  observa¬ 
tions  have  tentatively  been  linked  to  carrier  localization.  We 
have  studied  the  frequency  and  temperature  dependence  of  the  con¬ 
ductivity  in  the  absence  of  magnetic  fields  to  enable  quantita¬ 
tive  comparison  of  the  results  to  existing  theorie*  and  to  avoid 
compl 1  cation*  in  the  interpretation  that  are  caused  by  the  pre¬ 
sence  of  magnetic  fields. 


The  samples  are  MOS  capacitors  fabricated  on  mechanically  and 
chemically  polished  (0.01%  bromine  In  methanol)  p-type  (1O0)  InP 
(N^SxIO^cm  ^)  .  The  gate  insulator  is  a  thin  (d  *  250  nm)  sili¬ 
con  dioxide  film  ,  deposited  by  a  plasma-enhanced  CVD  pro  - 
cess  /!/.  The  gate  metal  is  a  semitransparent  NiCr  film.  The 
Induced  carrier  density  is  calculated  from  the  capacitance 

and  threshold  voltage  V  ,  as  detarailned  from  the  onset 
T 

of  the  high -frequency  conductivity  (v  lOO  cm  1 )  . 

The  high  frequency  conductivity  st  various  induced  electron 
densities  i>  shown  In  Figs.  1  and  2  for  two  different  samples. 
Figure  1  depicts  spectrs  of  a  sample  with  relatively  high  conduc¬ 
tivities  at  the  temperatures  T«1S  K  and  SO  K.  The  conductivity 
scale  la  calculated  from  the  relative  change  In  transmission 
-AT/T«(T(VT)-T(VG))/T(VT)  =  2  Real  (o(w)/Y>,  where  VG  is  the 
applied  gate  voltuqm,  and  y  the  wave  admittance  /4/ .  At  the  lower 

temperature  (rig.  la)  the  conductivity  differs  drastically  from 

1 2  -2 

Drude  behaviour  up  to  electron  densities  n#*2  x  10  cm  ,  exhibi¬ 
ting  a  pronounced  auxlmum  at  finite  frequencies.  At  low  densities 
(*t  *  0. 2-0. 8  x  lO^cm’2)  the  maximum  is  observed  st  about  70  cm-1, 
shifting  to  lower  frequencies  with  increasing  density.  At  the 
higher  temperature  (Fig.  1b)  the  spectra  approach  Drude  like 
behaviour.  The  saaiple  In  Pig.  2  exhibits  lower  conductivities 
than  the  one  in  Pig.  1.  In  this  case,  the  maxima  are  broader  and 
are  observed  et  still  higher  frequencies  (v  -  100  cm’1). 

we  have  also  studied  the  quasi-static  conductivity  st  radio 
and  microwave  frequencies.  In  the  inset  of  Fig.  2  an  example 
for  the  gate  voltage  dependence  of  the  r.f.  conductivity  is 
depicted  together  with  the  simultaneously  measured  low-frequency 
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Fig.  1.  High- frequency  conductivity  of  inversion  electron*  on 
InP  at  T-15  K  (a)  and  T-80  K  (b).  At  each  density  the  two  line* 
are  different  piece*  of  the  spectra  obtained  with  different 
beamsplitters  m  the  Fourier  spectrometer . 


CV-curve.  Th*>  guas  i  st  at  ie  microwave  and  r.f.  conductivities  evi¬ 
dence  strong  localisation  in  that  at  low  temperatures  the  conduc¬ 
tivity  threshold  occurs  at  higher  induced  electron  densities 
than  the  CV-inversion  threshold  <  ,,Ng  ;  5*  lO^cm  *  at  T=5  K).  The 
conductivity  threshold  approaches  the  CV-threshold  with  increa¬ 
sing  temperature,  and  coincides  with  it  at  typically  T«80  K  and 
above.  Also,  we  observe  a  negative  magnetoresistance  that  is  most 
pronounced  at  low  densities  N#.  Similar  effects  in  silicon  inver¬ 
sion  layers  have  previously  been  connected  with  localization 


WAVENUMBERS  [cm'] 

Fig.  2.  High-frequency  conductivity  of  inversion  electrons  on 
InP  at  T-15  F.  The  inset  shows  the  gate  voltage  dependent  r.f. 
conductivity  and  the  low-frequency  CV  curve  (v»8  Hz)  at  the  same 
temperature.  Data  are  taken  in  the  presence  of  above  band  gap 
radiation . 
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/5/ .  Because  of  experimental  limitations  imposed  by  using  r.f. 
methods  we  have  not  yet  been  able  to  study  the  temperature  de¬ 
pendence  of  the  conductivity  at  low  densities  for  exponential 
temperature  dependence. 

We  feel  that  the  strong  localization  effects  we  observe  are 
caused  by  oxide  charges  and  interface  Impurities  that  are 
found  in  plasma-enhanced  CVD  oxides.  It  is  well  kno'/n  that 

such  oxides  contain  impurltiea  like  water  /3/  that  has  been  found 
to  cause  charge  trapping  centers  in  silicon  dioxide  films  on 
silicon  that  were  subjected  to  water  diffusion  /6/.  In  addition 
non-stoichiometry  of  the  uppermost  InP  layers  may  produce 
even  n-type  behaviour  on  nominally  p-type  substrates  /I/  and  may 
contribute  to  the  strong  localization  potentials  that  are  evi¬ 
denced  by  our  experiments.  Our  interpretation  that  a  relatively 
high  d entity  of  charged  impurities  near  the  oxide-semiconductor 
interface  exists  Is  supported  by  s  recent  theoretical  study  /7/ 
of  the  metal-insulator  transition  in  2D  electron  systems  on  Si 
and  InP  in  the  presence  of  charged  impurities.  However,  w*  only 
find  qualitative  agreement  of  spectra  such  as  those  shown  in 
Fig.  2  with  theoretical  expectations  /!/. 

We  wish  to  thank  A.  Gold  for  stimulating  discussions  and 
acknowledge  financial  support  of  the  Deutsche  Forschungsgemeln- 
schaft . 


References 

1.  H.  C.  Cheng  and  F.  Koch,  Phys .  Rev.  B  26  (1982),  1989. 

2.  J.  P.  Kotthaus,  c.  Abstreiter,  F.  Koch,  and  r.  Ranvaud, 

Phys.  Rev.  Lett.  34  (1975)  151. 

3.  U.  Mackens  and  U.  Merkt,  Thin  Solid  Films  97  (1982)  53. 

4.  A.  Gold,  S.  J .  Allen,  B.  A.  Wilson,  and  D.  C.  Tsui, 

Phys.  Rev.  B  25,  (1962)  3519. 

5.  D.J. Bishop,  R.C. Dynes,  and  D.C.Tsui,  Phys.  Rev.  B26  (1982)  773. 

6.  A.  Hartsteln  and  d.  R.  Young,  Appl.  Phys.  Lett.  38  (1981)  631. 

7.  A.  Gold  und  W.  Gfitza ,  preprint  and  private  ccanmunl  cat  ions . 


\’ 


96 


97 


-* 


1 


I 


/  - 


Dimensional  Crossover  of  Spin-Orbit  Scattering 
Observed  in  2-d  Localization 

R.  J.  Harklevict  and  C.  J.  Rollins 
Northeastern  University,  Boston,  Haas.  U.S.A. 

and 

Francis  Bitter  National  Magnet  Lab,* 

Cambridge,  Mass.  U.S.A. 

and 

J.  S.  Brooks 

Boston  University,  Boston,  Mass.  U.S.A. 

and 

Francis  Bitter  National  Magnet  Lab,* 

Cambridge.  Masa.  U.S.A. 

In  the  temperature  range  4-20K,  ultra  thin  films  of  Pd/PdjSi  (6-50J) 
show  a  positive,  anisotropic  magnet  ore  sistance  which  la  logarithmic  in  field 
at  high  magnetic  fields,  characteristic  of  two-dimensional  localization  with 
strong  (three-dimensional)  spin-orbit  scattering.  At  lower  temperatures,  the 
magnetoresistance  saturates  to  a  f 1 eld- independent  value.  We  Interpret  this 
change  as  due  to  a  crossover  of  spin-orbit  scattering  from  its  bulk  value  to 
a  form  characteristic  of  a  2-d  film.  The  resulting  msgnetoreslstsncs  Is 
consistent  with  the  theoretical  results  of  Hlkaml,  Larkin  and  Nagaoka. 

Below  M).SK,  our  analysis  is  compllcatad  by  supsrcooductlng  effects  in 
the  Pd2Si. 
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Weak  Localization  In  Metallic  Thin  Films 
F.  Komorl,  S.  Kobaysshi  and  W.  Sasaki 

Department  of  Physlca,  Uriversity  of  Tokyo 
7-3-1  Kongo,  Bunkyo-ku,  Tokyo  113,  'apan 

Abstract* 

Klectronlc  conduction  Is  studied  in  various  metallic  thin  films  and 
discussed  in  terms  of  weak  localization.  The  roles  of  Inelastic  scattering 
time,  spin-orbit  scattering  time  and  spin  scattering  cine  are  clarified  by 
analysing  the  magnetocondurt lvltv  of  several  thin  films  with  different 
values  of  the  parameters.  Also  by  anslyslng  temperature  dependence  of  the 
conductivity,  the  effect  of  electron-electron  Interaction  in  these  films  la 
conf lrmed. 

In  weak  localization  there  are  several  Important  parameters  such  as 
Inelastic  scattering  time  T£,  spin-orbit  scattering  time  T#o  and  spin  scatter¬ 
ing  tine  i#.  The  roles  of  these  parameters  are  systematically  studied  using 
several  kinds  of  metallic  thin  films  with  different  values  of  the  parameters. 
In  addition  to  these  in  the  localization  effect,  electron-electron  interaction 
causes  another  Important  effect  on  electronic  conduction  of  metallic  Chin 
films,  and  la  one  of  the  origins  of  logarithmic  temperature  dependence  in  the 
conductivity. 

In  the  later  analysis  of  the  experimental  rasults  of  the  magnetoconduc¬ 
tivity,  we  make  use  of  general  thaoretlcal  expressions  of  conductivity  due  to 
only  the  localisation  mechanism  (1,2, 3, 4)  because  in  the  interaction  mechanism 
the  terms  insensitive  to  magnetic  field  mainly  contrlbuta  to  the  conductivity. 
The  expression  due  to  the  localisation  contain  diffusion  constant  D,  carrier 
g-factor  g,  elastic  scattering  time  Tq  and  thickness  of  the  film  t  ae 


parameters  other  than  t  ,  t  and  t  .  In  order  to  get  physical  Information 
c'  so  •  9 

from  the  experiments  we  should  be  careful  to  choose  principal  parameters  of 
each  analysis  among  them  because  they  are  not  always  independent .  Here  we 
assume  that  and  0  ara  proportional  to  ctft  to  treat  several  films  with 

different  sheet  conductivity  oQ,  and  that  g  •  2  for  simplicity.  On  the  other 
hand  in  the  analysis  of  the  temperature  dependence  of  the  conductivity, 
theorela  of  both  localisation  and  intaractlon  effects  (3)  are  used. 

Firat  we  demonstrate  the  effect  of  spin-orbit  scattering  in  the  localiza¬ 
tion  mechanism  by  showing  in  Flg.l  the  magnet oconduccivlty  of  composlt  films; 
Cu-Cu,  Cu-Ag  and  Cu-Au  films- (6)  These  films  ara  30  A  thick  and  prepared  by 
repeating  vaccum  deposition  and  oxidation  three  times.  The  former  two  layers 
are  made  of  Cu,  and  Che  last  of  Cu,  Ag  or  Au.  Because  these  three  elements 
are  isoelec tr on lc .  only  the  strength  of  spin-orbit  Interaction  Is  varied. 

By  adjust ing  only  TaQ  for  these  three  films,  the  theoretical  curves  of 
the  localization,  which  are  shown  in  Flg.l  aa  solid  lines,  reproduce  well  the 
experimental  results  in  both  directions  of  magnatle  flald  while  the  other 
parameters  are  kept  co^on.  Here  la  neglected  for  simplicity.  The  values 
of  the  parameters  are  given  in  Table  1.  The  strength  of  the  spin-orbit 
interaction  in  heavy  elements  is  generally  stronger  than  that  in  light  ones. 
This  fact  reaaonablly  explains  the  change  of  obtained  for  theae  three 
films  from  above  analysis. 

The  tola  of  spin  scattering  In  the  localization  mechanism  is  studied  by 
analysing  magnetoconductivity  in  Cu-ftn  alloy  films  with  various  concent rat  ions 
of  Mn.(7)  The  samples  are  prepared  by  ehe  similar  method  aa  that  for  above 
noble  metal  films,  and  Cu-Mn  alloy  is  used  for  the  evaporation  source. 

Figure  2  shows  the  magnetocondcucivlty  of  these  films.  The  Mn  concentrations 
of  the  fllma  are  directly  measured  by  PIXE  method  (8)  after  the  conductivity 
measurements ,  and  ara  given  in  table  2  together  with  other  parameters. 
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"i.ii  :  ,tg  only  '  lor  films,  tha  theoretical  curves  of  the 

.  .  . .  wt.i«  n  ale  shown  as  solid  lines  to  Fig.  2,  reproduce  well  the 

. . .  jl  .faults  lie i e  the  other  parameters  are  also  kept  common  to  all 

:  tie  variety  ut  f  hr  mague  t  oconduc  t  lvity  In  Co-Mn  alloy  films  can 

.  <  ».  .  1'iiteJ  in  tetms  to  the  Jittereuce  it  r  ,  whi«~h  decreases  as  Hn 

s 

.IUI..I.  i  tie  t  eases .  As  a  limiting  behavior  of  short  spin  scattering  time, 

■  »  ut  o«  on  dot  t  ivltv  la  Jhserved  in  pure  Nn  films. (7)  In  this  case 

,  ■  at  t  i- 1  ;  1 1 ,4  test  roys  ( lie  loca  1  last  Ion  effect  completely- 

i  dudlrs  ut  inelastic  scattering  time  are  performed  In  B1  films 
.!>•  lnl„iit‘>:  Ly  a  simple  deposition  in  a  vacuum  with  the  thickness 
: ...  .  >i»  t ..  !  .'!>  .ttVi  »nly  !.  v  ao  losing  the  variation  of  ths  magnet  oconduc  - 

....  .1  ...  a  .1 1 1 f et ei.t  tempetalutes  in  these  films  Is  well  reproduced 

.  .  .  ;.<  i  '.ri  pai  saw  ters  in  the  localization  theories  are  kept  common.  The 

,  .  •  .i  •  tie  shewn  in  Fig.  .J  as  a  function  of  temperature  and  othar 

. .  aic-  given  in  table  1.  Hete  '  is  neglected  for  simplicity. 

...  tirae  samples  ^  is  proportional  to  T*1  in  lower  temperature  range 
i  - i,  .uni  is  proportional  to  T  *  at  higher  temperatures.  In  recent 

.!.*•»  i,  cw. i  diaeus iwiial  Jlsordared  systems  (  10,11,12  )  due  to  electron* 
.  i.  ;  ut  r  i  -it  1 1  -ii  .a  proportional  to  O/Tlnd^/T)  at  low  temperatures  with  a 

H.  i  fu  .  oaperr  the  sxpei lsental  results  with  Chls,T  la  assumed  to 

.  . i .to  .•  •  A/ T  and  the  values  ot  A  are  given  In  table  5.  These  values 

«.ii  , (up^rtlonal  to  D,  being  consistent  with  the  theories. 

.  ,  •  t  aagnetuconduc  t  lvi i  v  depends  on  temperature  also  in  the  noble 

,  ,.  i  .»«,  ii>e  dependence  becomes  weaker  as  temperature  decreases-  (13) 

..  ..1,1.  .Ill  be  c-  <p  1  a  Ined  by  taking  Impurity  spin  scattering  Into  account; 

*,  it  w.»i  luu  effect  depends  little  on  temperature  when  >  T  ^  as  wa 
i  ,.t  jri  ,ii  i  lie  magnet  Ic  films. 

I. 11  «r  1 1 41.  uii  the  logarithmic  temperature  dependence  of  conductivity  In 


these  films.  The  origin  of  this  term  In  magnetic  films  such  as  the  Cu-Hn  alloy 
films  is  the  interaction  mechanism  because  shurt  spin  scattering  time  aupresses 
the  logT  term  due  to  Che  localization  mechanism.  In  the  case  of  the  noble 
metal  films  the  interaction  mechanism  Is  also  the  main  origin  of  tha  logT  term 
because  it  is  observed  even  In  high  magnetic  field  and  tha  coefficient  In  the 
field  is  almost  the  same  as  that  in  zero  field.  The  absence  of  logT  term  Jus 
to  Che  localization  la  ascribed  also  Co  Cha  conaiderabla  magnitude  of  spit) 
scactsrlQg  In  chess  films.  On  ths  othar  hand  In  Bl  films  tha  tempsracura 
dependence  of  conductivity  la  described  as  the  sum  ot  two  terms  due  to  both 
the  interaction  and  localization  mechanisms  though  the  latter  term  disappears 
in  high  magnetic  field. 

By  comparing  the  amplltudea  of  above  logT  dependence  with  che  theories, 

It  la  comwoly  found  that  the  term  Independent  of  magnetic  field  is  dominant 
among  the  Interaction  effect.  This  Is  consistent  with  Cha  results  that 
magnetoconductlvf ty  Is  well  explained  only  by  the  localization  mechanism. 

Systmetlc  studies  described  here  clarify  how  the  Localisation  and  Inter¬ 
action  mechanisms  cause  the  various  behaviors  of  electronic  conduction  in 
metallic  thin  films.  Host  of  experimental  results  in  thin  films  at  low 
temperature  can  be  now  well  understood  as  the  combinations  of  the  both  affects 
including  spin-orbit  scattering  and  spin  scattering. 
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figure  Caption# 

Plg.l  Magnetoconductivity  Ac^H)  -  <^H)  -  <^0)  of  Cu-Cu  (a),  Cu-Ag  (b)  and 

Cu-Au  (c)  filet.  Valuaa  at  <J(Q)  ara  givan  in  table  l.  Magnetic  field 
la  perpandlcular  (H*.)  and  parallal  (H*)  to  tha  Eilea.  Solid  llnaa  ata 
thaoratlcal  curvas  with  paraeatara  givan  in  tabla  1. 

Fig. 2  Magnatoconductlvlty  of  aavaral  Cu-Mn  alloy  filed  at  4-2R  in  tha  flald 
perpendicular  to  tha  fllea.  Valuaa  of  <^0)  and  Mn  concaotrationa  ara 
givan  in  Tabla  2.  No.  1  aaeplo  la  tha  Cu-Cu  file  wboaa  data  ara  tha 
ease  ai  thoaa  In  Pig.  1(a).  $6Ud  linaa  ara  thaoratlcal  curvaa  with 
xt  -  7  *  10~12  aac  and  otbar  paraeatara  givan  lo  tabla  2. 

Pig. 3  Inalaatlc  acattarlng  tie#  of  aavaral  Bl  fllea  aa  a  function  of 
taeparatura.  Theta  valuta  art  obtalnad  aa  a  fitting  paraetara  of 
magnatoconductlvlty  dua  to  tha  locallaatlon  eechanlae.  Othar 
paraeatara  ara  givan  in  Tabid  3. 
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WEAK  LOCALISATION  EFFECTS  IN  GAAS  DOPING  SUPERLATTICES 

Th.Englert,  J.C.HlM,  G.Remenyt.  H.Kunzel.  K.Ploofl,  A.Fi»ch*r 
Max -Planck -Institut  fur  Festkorperforschung. 

F-  380*  2  Grenoble  and  D-7000  Stuttgart 

A.Briggs 

SNC1.  CNRS  Grenoble.  Franc* 

Abstract 

Th*  conductivity  cf  an  n- layer  m  a  GaAs  doping  sup*rlattic*  decreases  logarithmically 
«ith  temperature  MUM"  about  2SK  and  250  mK.  Th*  magn*tor*sistanc*  in  low  fi*lds  is 
oeget/ve  and  vane*  logarithmically.  Th*  results  ar*  *xplam*d  m  terms  of  the  theory 
of  weak  localisation  in  two  dimensions.  The  inelastic  scattering  time  is  determined 
from  a  fit  of  the  magnetoresistanc*  as  a  function  of  temperature  and  carrier  density. 

In  recent  years  the  concept  of  weak  localisation  has  proved  to  be  very  fruitful  for 
an  understanding  of  the  electronic  transport  in  a  regime  between  complete  localisation 
and  Quasimetaiiic  behaviour,  especially  in  two-dimensional  <7D)  systems  such  as  Si  MOS. 
GaA-./A'CaAs  h*t*ro»tructur*s  and  m  thin  metallic  films  (1).  In  the  present  paper  w* 
report  the  observation  of  weak  localisation  effects  m  a  new  quasi  20  system,  th* 
dopmg  superiattic*  on  GaAs.  Such  a  structure  consists  of  alternating  periodic  thin 
■ayars  of  n-  and  p-type  doping.  Tha  electrons  from  the  donors  In  th*  n- layer  transfer 
to  th*  acceptors  in  th*  p- layers  and  th*  resulting  space  charge  leads  to  potential 
wells  m  th#  n*lay#ri  for  the  electrons  and  in  tha  p- layers  for  the  holes.  Through 
selective  contacting  of  the  n-  and  p-layars.  th*  potential  difference  between  the 
layers  can  be  changed  externally.  In  this  way  th*  carrier  density  of  the  layers  can  be 
varied  by  injection  or  extraction  of  earners.  Up  to  now  a  number  of  different 
experiments  12.2)  have  confirmed  th*  quasi  20  nature  of  th#  system  predicted 
theoretically  I*).  In  many  aspects  this  system  seems  to  be  particularly  well  suited  for 


studying  localisation  phenomena,  because  there  is  a  considerable  amount  of  disorda  due 
to  th*  relatively  high  doping  level  and  the  density  of  mobile  carriers  can  be  changed 
easily. 

Three  MBE-grown  samples  have  been  used  for  the  present  study,  two  multilayer 
structures  with  10  alternating  n-  and  p-layars  (sample  A:  nq«  Txio17cm“*. 
NA«7.85x1017cm’3,  doping  layer  thickness  d»90  nm;  sample  B: 

N0«5.25kI017cmJ,  NA«G.7lKtO,7cm'3.  d«  ICOnm)  and  on#  single  tayar  sample 
consisting  of  onen-Jayer  sandwiched  between  two  p-iayers  (ND-NA*7x)017cm~3, 
d^«90  nm.  dp>500  nm).  For  the  analysis  a  multilayer  sample  is  considered  as  10 
layers  electrically  connected  in  parallel.  In  Fig.l  the  sheet  conductivity  of  the  n- 
layer  is  plotted  at  a  function  of  temperature  between  SO  mK  and  and  2SK  for  samples  A 
and  6.  It  shows  a  logarithmic  behaviour  over  two  orders  Of  magnitude  in  T  and  saturates 
below  about  iSOmK.  The  slope  of  the  straight  lines  connecting  th*  data  it  dP«  1 .0*0.1 
in  agreement  with  the  theory  of  weak  localisation  (equ.1).  This  result  indicates  that 
the  weak  localisation  mechanism  rather  than  interaction  effects  is  dominant  at  these  T. 
Th#  saturation  of  th*  conductivity  at  low  temperatures  is  not  an  experimental  artifact. 
It  has  also  been  observed  in  Si-MOS.  and  has  been  attributed  to  an  "hot  electron  - 
finite  size  effect*,  which  occurs  when  the  energy  relaxation  length  becomes  comparable 
with  the  sample  dimensions  (S).Th#  inset  in  Fig.l  shows  the  megnetoresistanca  for  two 
dif  ferant  tamparaturas  in  the  low  8  regime.  It  varies  logarithmically  in  agreemant  with 
theory  and  with  oxporimontMt  results  obtMlnoa  on  other  20  systems  (9,8).  In  th# 
following  we  determine  the  inelastic  scattering  time  r  from  e  fit  of  the  negative 
magnetoresistance.  Theoretically  the  temperature  and  magnetic  field  dependence  of  the 
conductivity  is  given  by  (5): 

m  .(r.*,-wr„  o)+^xX+JSi(*(.+  i/i)-x.) 

where  axfI/2#BM.  and  "fis  the  digamma  function.  The  additional  term  depending  on 
jjgh/kT  can  be  neglected  in  the  present  cate,  since  the  g- factor  in  GaAs  is  small  and 
in  the  limit  of  very  low  T.  where /»gB/kT  becomes  important  the  conductivity  and  the 
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'"agnetoresutance  w* r«  found  to  saturate.  The  negative  magnetoresutance  given  by  equ  i 
sh<uid  depend  on  th«  peri  -idicular  component  o i  the  magnetic  field  only.  This  >* 
confirmed  by  Our  experiment  in  the  limit  of  very  jmali  magnetic  fields,  fig. 2  Shows  the 
magnetoresistanc*  for  6  per pendicufer  and  parallel  to  the  layer  plane  for  the  tingle 
layer  sample.  Also  shown  is  a  fit  using  equ  T  with  r»  4.7x10  11  sec  and  Ob  0.9. 

The  other  sample  parameters  <€_*37  mev,  p*2330  cm2/Vs  )  are  known  from 
measurements  m  >  ugher  fields  (7),  A  strong  anisotropy  is  observed,  however  there  is 
aiso  a  negative  component  for  B  //.  whereas  eqo.T  yields  a  straight  line  as  indicated. 

Tr.s  addit  ionai  magnetoresistance  is  found  to  t>e  sample  dependent  and  presumably 
indicates  deviation  from  a  strictly  2D  behaviour  (Bl. 

rrom  a  fit  of  the  negative  magnetoretutance  we  have  determined  t  as  a  function  of  T 
for  sample  A  in  a  range  where  the  conductivity  varies  logarithmically  and  no  saturation 
is  observed  (fig.3)  The  line  connecting  the  data  points  corresponds  to  T This 
dependence  is  somewhat  weaker  than  predicted  for  electron- electron  scattering 
and  the  exper .mental  values  found  in  the  Si  HOS  system  (6) 

As  already  mentioned  the  earner  density  of  the  system  can  be  changed  by  applying  an 
Uop  bias  voltage.  The  inelastic  scattering  time  as  a  function  of  the  20  carrier 
density  u  plotted  m  Fig.  4  for  Ta4.?K,  where  la  taken  from  th**  Hall  effect  and 
Shuomkov-d#  Haas  oscillations  at  high  6  (3). The  increase  of  T  with  n^  may 
qualitatively  be  attributed  to  screening.  The  variation  is  much  weaker  than  found  in  Si 
hos.  However  comparing  these  two  systems  one  has  to  consider  that  here  an  increase  in 
n^  it  not  directly  correlated  with  an  increase  in  the  Fermi  energy,  but  with  a 
widen, ng  of  the  space  charge  potential  and  thus  a  reduction  of  the  subband  separation. 
wh<ch  leads  to  the  occupation  of  higher  subbandt.  In  the  limit  of  high  forward  bias  a 
transition  occurs  from  20  to  3D. 

In  summary  we  have  found  that  electrons  in  thin  layers  of  GaAs  produced  by 
alternating  n-  and  p- doping  are  weekly  localized  at  low  temperatures.  The  temperature 
dependence  of  the  sheet  conductivity  and  the  negative  magnet  or  esutence  can  be 
understood  m  terms  of  the  existing  theories.  The  results  further  substantiate  the  20 
behaviour  of  the  system  >n  the  limit  of  low  earner  density. 
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Figure  captions 


F<g.1 ;  Sheet  conductivity  vs.  T  for  two  different  samples  with  U  «0. 

np 

The  mset  shows  the  magnetoresistance  at  T.4.2K  and  T*0.3K  for  sample  A 


and  12188  Ohm  respectively. 


Fig.2:  Magnetoresistence  and  fit  for  a  single  layer  with  8  perpendicular 
and  parallel  to  the  layer  plane.  The  temperature  is  T»1.3K. 


Fig. 3.  Inelastic  scattering  time  as  determined  from  a  fit  of  the  negative 
magnetoresistance  versus  T. 


Fig  4:  Inelastic  scattering  tm  ••  versus  20  earner  density  at  T«4.2K. 
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Abstract 

We  present  numerical  results  on  the  effect  of  a  stochastic  potential  and  the 
finite  size  of  a  sample  on  the  density  of  states  and  the  exponental  decay 
length  of  the  transmission  coefficient  of  a  two  dimensional  system.  For  periodic 
boundary  conditions  the  data  suggest  the  existence  of  extended  states  In  the 
center  of  the  magnetic  subbands.  For  nonperiodic  boundary  conditions  the  exls* 
tence  of  disorder  independent  edge  states  is  demonstrated,  which  extend  along 
the  whole  length  of  boundary  of  the  sample.  The  Implications  of  these  data  for 
the  explanation  of  the  quantum  fell-effect  Is  discussed. 

1.  Introduction 

The  theory  of  the  quant  me  Hall-effect  Cl]  is  still  In  Its  infancy,  although  a 
number  of  models  have  been  proposed  during  recent  years,  which  are  capable  of 
explaining  various  aspects.  However,  there  is  no  model,  which  gives  a  satisfac¬ 
tory  explanetion  of  all^  experimental  data  presently  available. 

There  are  two  main  streams  of  arguments  starting  from  more  or  lass  complemen¬ 
tary  points  of  view.  One  is  based  on  the  localisation  of  electrons  in  a  random 
potential  (2,3].  Here  one  deals  with  a  system  In  its  thermodynamic  limit  such 
that  surface  effects  ere  elimlneted.  The  other  one,  which  essentlelly  needs  the 
finiteness  of  the  sample,  depends  on  the  existence  of  edge  states  end  wes  worked 
out  for  speclel  annular  gNmetiy  (4,5]. 

The  essential  question  in  the  localisation  theory  Is  whether  a  eaymtic 
field  0  can  ds localise  one-electron  states  in  the  center  of  the  Landau  bends 


which  are  localised  exponentially  for  B»0  [2].  There  is  also  no  rigorous  argu¬ 
ment  which  gives  the  steps  in  the  Hall  conductivity  at  integer  numbers  in  an 
infinite  system  with  stochastic  potential.  The  approach  using  edge  states  needs 
detailed  information  on  the  Influence  of  sample  geometry  and  disorder.  If  both 
models  are  correct  there  must  be  some  possibility  of  joining  the  two  Ideas  for 
large  sample  sizes.  In  this  contribution  we  want  to  address  the  question  of  (1) 
the  localisation  and  (11)  the  influence  of  disorder  on  the  edge  states. 


2.  Model  and  boundary  conditions 

We  consider  the  tight  binding  model  for  an  electron  In  a  two  dimensional 
random  potential  and  a  magnetic  field  described  by  the  Hamiltonian  [6,7] 

H*A  UXxi'k'1  ♦  I  (1) 

J:.k- 

where 

I  If  k  -  k*  and  J*  •  J  i  1 

vjkj>k'  ■ 

•xp  (tl  »/h  8  a*)  If  J  •  J  ■  Old  k‘  ■  k  1  1. 

«jk  1»  tin  random  potential  distributed  according  to  son,  probability  distri¬ 
bution  Irtiich  we  Ulte  as  a  rectangular  box  of  width  V.  Thus.  V  characterises 
tha  disorder.  For  siiaplicity  ue  consider  a  square  lattica.  For  W-0  the  spectral 
properties  of  H  uere  discussed  eerller  [8,9).  The  result  is  the  so  celled  "self- 
similar- butterfly".  For  K*0.  there  is  no  quentitetive  Information  about  the 
apoctrus.  He  present  results  for  tho  density  of  states  and  th*  exponential  decay 
length  of  tha  transmission  coefficient  for  systems  uhich  are  essentially  infini¬ 
tely  long  in,  lay,  tho  x-direction,  which  is  characterised  by  J  in  tq.  (1).  In 
tea  y-direction  tha  system  is  of  finite  width  H-f  (t  -  little*  spacing).  Ha  con¬ 
sider  both  periodic  boundary  conditions  in  th*  y-direction  (P-system),  uhich 
correspond  to  s  cyl Inter  lilts  geometry,  at  wtll  as  nonpariodtc  boundary  condi¬ 
tions  (H-system),  which  correspond  to  s  strip  gtomotry. 


112 


113 


I 


! 

! 


t 


t 


3.  Method  and  results 

Me  have  evaluated  the  density  of  states  n(E),  and  the  decay  length  x^E) 
using  the  iterative  procedure  described  previously  [10].  The  respective  defi¬ 
nitions  are 

n(E)  •  -l/«r  lira  Ira  jj  ji  Gjk  jk  (E  ♦  1r)|  (2) 


and 

*h‘(E)  ■  ^  ,Glk  Nk.|  (3) 

where  Gjk  Nk.  are  the  matrix  elements  of  the  resolvent  G  ■  (E-H)_l  between  the 
first  and  the  N-th  slice  of  the  system.  He  also  calculate  the  local  density  of 
states  n(E,k)  as  a  function  of  the  y-coordinate,  i.e. 

N 

n(E,k)  .  -1/,  lira  Ira  (T  Gjk  ^  (E  ♦  in)}  (4) 

The  results  are  shown  in  figs.  1  to  4.  The  magnetic  field  was  taken  such  that 


1 


(5) 


This  corresponds  to  1/8  flux  quanta  per  unit  cell  and  splits  for  U-0  the  tight 
binding  band  into  8  Magnetic  subbands,  which  are  syamtric  about  E*0.  If  W+O 
these  bands  will  main  well  separated  as  long  as  W  is  small  compared  with  the 
Magnitude  of  the  band  gaps.  Tha  imaginary  part  of  the  energy,  n,  was  taken  as 
0.02  throughout  all  density  of  states  calculations. 

In  fig.  1  we  have  plotted  the  total  density  of  states  of  the  lowest  Magnetic 
subband  for  a  P-system  with  U-O.S.  Within  tha  accuracy  of  our  calculation  (IX) 
this  had  already  converged  as  a  function  of  M,  such  that  it  represents  the  total 
dansity  of  states  of  the  infinite  two  diMensional  system. 

Jy(E)  shown  in  this  figure  is  for  the  saae  system.  There  are  characteristic 
variations  with  M.  In  the  tails  of  tha  band  the  ratio  x^/N  decrtasts  with  In¬ 
creasing  M  such  that  one  May  conclude  that 

a  •  Mm  x„  (6) 
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stays  finite.  In  the  center  of  the  band  x^M  is  found  to  increase  with  M. 

It  is,  however,  not  yet  certain  whether  x^/M  Increases  to  Infinity  if  M  is  fur¬ 
ther  increased.  Nevertheless,  one  may  adopt  the  interpretation  that  xM  tends  to 
infinity  in  the  center  of  the  band  at  least  in  proportion  to  M.  If  one  could 
establish  a  relation  between  the  behaviour  of  xM  and  the  conductivity  as  for  B-0 
[113,  one  would  identify  the  energies  where  x^M  »  const  with  the  mobility  edges. 

Fig.  2  shows  the  results  for  the  total  density  of  states  for  the  N-system 
with  W*0.5  again  for  energies  near  the  lowest  band  for  three  different  values 
of  M  (M«8,  16,  32).  It  Is  seen  that  the  data  have  not  yet  converged.  Increasing 
M  leads  to  an  increase  of  n(E)  at  energies  lower  than  -3.2  and  a  decrease  in 
the  band  tall  above  this  energy.  He  suspect  that  the  boundary  plays  an  essential 
role  In  determining  the  behaviour  of  the  states.  This  is  verified  in  fig.  3 
where  we  have  plotted  n(E,k)  for  M»16  at  E  «  -3.3  and  E  «  -3.1  for  W-0.5  and  0.1. 

The  exponential  decay  length  for  the  N-system  behaves  differently  to  that  for 
periodic  boundary  conditions.  At  energies  below  the  first  magnetic  subband  x^/M 
is  similar  to  the  data  shown  In  fig.  1.  At  energies  above  first  calculations 
Indicate  that  x^  diverges  for  finite  H.  Further  calculations  have  to  be  performed 
in  order  to  clarify  the  behaviour  of  the  states  near  the  center  of  the  magnetic 
subband. 
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4. Discussion 

Our  results  for  the  P-system  Indicate  that  the  magnetic  field  Is  able  to 
"delocalise”  electronic  states.  These  are  the  states  near  the  centres  of  the 
magnetic  subbands.  However,  the  quantitative  aspects  of  this  "delocalisation" 
are  not  yet  quite  understood.  Although,  for  instance,  it  is  possible  to  derive 
a  scaling  function  for  these  data  similar  to  the  case  of  vanishing  magnetic 
field  [ID,  It  is  not  yet  established  whether  x^/M  stays  finite  for  M 
or  tends  to  Infinity.  In  addition,  at  energies  near  the  centre  of  the  tight 
binding  band  the  behaviour  seema  to  be  more  complicated  C12).  There  Is  not 
yet  any  conclusion  about  tha  transport  properties  of  such  a  system. 
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without  periodic  boundary  conditions,  we  observe  edge  states,  which  are 
situated  energetically  between  the  subbands.  These  were  discussed  earlier  by 
Halperin  for  an  annular  geometry  l5l.  They  are  well  localised  within  about  one 
lattice  distance  of  the  edges  of  the  strip,  which  is  what  one  would  expect 
from  the  magnitude  of  the  cyclotron  radius  4  *  JCtfTH  a  s  1.13a  in  our  case. 

The  result  that  —  with  N—  for  finite  M  indicates  that  these  edge  states 
extend  along  the  whole  length  of  the  strip.  Fo-  W»0  such  states  were  obtained 
recently  [131.  Our  date  demonstrate  that  the  edge  states  are  essentialle  inde¬ 
pendent  of  the  disorder. 

5.  Towards  the  explanation  of  the  quantum  Hall-effect 

The  explanation  of  the  quantum  Hall -effect  needs  two  ingredients:  (1)  There 
must  oe  states  between  the  magnetic  jubbands,  which  are  able  to  pin  the  Fermi 
energy,  and  which  do  not  contribute  to  transport,  (ii)  There  must  be  some 
state,  wmch  carries  the  Hall  current. 

If  one  accepts  that  each  sample  contains  a  certain  amount  of  disorder  the 
first  ingredient  is  easily  provided  by  the  states  localised  exponentially 
within  the  volume  of  a  sample.  The  data  for  shown  in  fig.  1  demonstrate 
that  for  energies  well  between  the  subbands  the  exponential  decay  length  is 
small  compared  with  the  strip  width.  Therefore,  the  contribution  of  these  states 
to  t ne  transport  properties  vanishes  exponentally,  in  particular  at  T»0K 
=  0  within  the  gaps.  We  have  indications  that  this  Is  still  true  for  the 
states  within  the  bulk  of  a  system  with  nonperiodic  boundary  conditions.  If 
one  admits  the  fact  that  each  sample  Is  of  finite  size,  the  second  ingredient 
may  be  provided  by  the  edge  states,  which,  according  to  our  data,  seen  to  be 
decoupled  from  the  bulk  properties  such  as  disorder,  for  Instance.  As  it  has 
been  shown  earlier  [5]  that  these  states  can  account  for  the  steps  in  the 
quantum  Hall -effect  in  an  ordered  system.  This  must  remain  true  in  the  disordered 
case,  since  the  states  are  unaffected  by  a  certain  amount  of  disorder. 


It  is  worth  noting  at  this  point  that  this  result  can  be  expressed  purely  in 
terms  of  the  behaviour  of  states  around  the  Fermi  level,  whereas  in  a  system 
with  periodic  boundary  conditions  it  is  necessary  to  sum  the  contributions 
from  all  occupied  states.  Thus  we  have  two  methods  which  give  the  same  results 
for  the  macroscopic  Hall  current  in  spite  of  the  fact  that  it  arises  from  com¬ 
pletely  different  microscopic  behaviour.  A  one-eiectron  picture,  where  the 
electrons  and  the  electric  field  are  decoupled,  is  therefore  unable  to  predict 
the  local  current  distribution. 

The  situation  is  more  complicated  when  the  Fermi  energy  lies  near  the  centre 
of  the  subbands.  Here,  for  periodic  boundary  conditions  the  exponential  decay 
length  is  of  the  same  order  or  larger  than  the  strip  width.  Again,  we  have 
preliminary  data  which  indicate  that  this  will  remain  true  for  the  bulk  states 
when  nonperiodic  boundary  conditions  are  applied.  A  further  complication  arises 
from  the  fact  that  there  is  no  clearcut  distinction  between  edge  and  bulk 
states  in  this  regime.  However,  if  we  make  the  assumption (which  is  well  supported 
by  our  data)  that  the  states  may  still  be  characterized  by  the  exponential  decay 
length  and  that  this  appears  to  obey  a  scaling  function  similar  to  the  case  of 
zero  magnetic  field  [11],  a  region  of  extended  states  exists  around  the  centre 
of  the  Landau  level  which  will  contribute  to  aXK- 

Our  data  are  for  very  large  magnetic  fields,  however,  so  it  is  by  no  means 
certain  that  such  extended  states  must  exist  for  physically  more  realistic 
fields.  Our  analysis  of  the  quantum  Hall-effect  in  terms  of  edge  states  does 
not  depend  on  the  existence  of  bulk  extended  states,  but  only  on  the  existence 
of  some  conduction  mechanism  however  weak  [4).  This  is  always  available  in  a 
finite  sample  or  at  finite  temperature. 
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Mguret  apt  tons 

Mg  l  Thr  drniity  of  St*1*'-  n|[  )  and  the  rvponenjtal  length  .  ((  (  of 

the  transaction  coefficient  for  »  (so  dtaens tonal  1  > n.rdered  syltea 
(disorder  Mraartrr  U>0  S)  In  a  Magnetic  field  corresponding  to  0  )/• 
flu*  doanta  par  unit  cell  1 he  position  of  the  aaqnet 1 c  suOband  for 
V*0  ts  at  - 3 . ?8S .  appro,  inately. 

Ihe  system  is  infinitely  long  in  «• direction.  The  width  in  y-dtrectior 
is  N.a  (a  -  lattice  constant)  Periodic  boundary  conditions  are  appinr 
"  In  y- direction  Oita  for  )  are  fof  W-4  («).  8  (■),  and  IS  (•).  The 
data  for  n(t)  are  converged  already  at  H- 16  within  the  statistical 
accuracy  of  II.  Phenoneno logical  broadening  (laaqinary  part  of  energy j 
ts  n  •  0.02. 

Mg.  it  The  density  of  states  n(E)  for  a  tystaa  with  the  saaa  parameters  as  in 
fig.  )  aacept  that  nonperiodic  boundary  conditions  are  applied  in 
y-dlractlon.  The  systoa  width  correspond  to  K-8  (©),  16  (#),  and  J?  (■) 

-I. |  Arrows  indicate  energies  at  idilch  the  local  density  of  states  plotted 
in  fig.  3  are  calculated 

Fig.  3:  The  local  density  of  states  n(f.»)  at  y-t>a  (a  •  lattice  constant)  f0r 
a  system  with  the  Star  paraawUrs  as  in  fig.  2  at  1-3. 1  (■)  and 
l*-3.3  (0.  a).  Systoa  width  is  Disorder  paraawters  in  W-C.5 

(open  i)«*ols)  and  V-O.l  (closed  syafcols).  Vi  thin  the  statistical  accu¬ 
racy  (Jt)  n(f.k)  «t  (*-3.1  is  the  saaa  for  both  values  of  the  dlsonWr 
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.dg.uif:  ic  ci  :Li;;cTir:r;;  ?o  thi:  "CAJUdivisr 
wF  n  DIMENSIONAL  HOLE  GAG. 

- .i... Guee  v , G.  J.  Avon,  1  •  G •  I'.e  izvestny  i ,  V#  ...  l  vsyuk 
..naiitut  oi'  semiconductor  I’hycic3  ncaucr«y  of  Gcicnces 
of  the  V.7C.I  Gibirian  branch, Novosibirsk, L J3ii. 

in  this  v/ork  logariftaic  corrections  to  the  conduc- 
of  a  two-dimensional  hole  500  near  (tit)  Si  surface 
have  been  observed  and  studied  over  the  temperature  range 
0,3  -  5  ii  in  the  absence  and  in  the  presence  of  the  magnetic 
field  .The  value  of  icgariftoic  prefactor  A  was  found  to  bo  0.3 
( in  0*7217 '*!.)•  In  magnetic  field  increasing  of  A  to  0.9  was 
observed  because  of  the  suppression  of  tho  contributions  to 
the  conductivity  of  effects  in  the  cooper  channel. In  this  case 
icgarifmic  corrections  are  determined  by  only  exchange  effects, 
because  :lartree-liko  term  cancelled  by  apin-orbit  scattering 
of  holes. 

In  the  work  |  Ijthe  anomalous  magnet ©resistance  (Ai£rt)  in 
two-dimensional  (2g)  hole  gas  with  a  positive  sign  has  been 
found  to  be  due  to  the  influence  of  the  magnetic  field  on  the 
scattering  of  holeo  by  superconduct  it*;  fluctuations  '  2  j  • 

nbsence  of  a  negativo  MU  In  this  work  have  been  assumed 
because  of  the  suppression  of  localisation  correction  by  the 
the  ::tronc  spin-orbit  scattering  of  holes  by  impurities, This 
feature  In  behaviour  of  2D  hols  gas  should  lead  to  the  diffe- 
rer.ee a  between  temperature  depondance  of  logariftaic  coz*rections 
o.  hula  and  electron  gas. 


in  tills  work  we  report  our  observation  of  logarifaic  cor¬ 
rections  to  the  conductivity  of  2*  hole  gas  soar  (111)  Gi 
surface  over  the  temperature  range  Q.3->  A  in  the  absence  ard 
in  tho  presence  of  the  magnetic  field. The  behaviour  of  these 
corrections  was  found  to  be  completely  determined  by  the  effects 
of  hole  interaction  ,when  the  strong  spin-orbit  scattering 
was  taken  onto  account  • 

Experimental  devices  were  p- channel  si  mOG  transistors 
as  were  used  in  j  1  -j  • 

fig.  1  sliows  channel  conductivity  of  one  of  theso  sam¬ 
ples  as  a  function  of  tho  temperature  for  the  different  hole 

1 2 

concentration  .Cne  secs  that  the  conduct ivity  at  pfl  *=  2.7  10 

„  o 

cm  ^  is  decreased  following  to  the  slow  logarlffeic  law  over 
the  temperature  range  >.2  -  1  11  ,At  T 1  1  A  the  3horp  drop 
of  T-dependar.ce  of  the  conductivity  Is  observed  ,  At  slightly 
high  hole  concentration  the  inclination  of  I-dopendance  of 
G  from  lx.  T  was  not  observed, and  conductivity  was  decreased 
logarifmicaliy  to  0,3  K. 

As  it  follows  from  tho  theory  |  3  -  5j  ,the  change 
of  the  conductivity  nltli  the  temperaturv  is: 


lr.  Tt/  h 


where  A*-<ip+(p-1  ) ^3(*)  “4  +  3  -  In  (1+2/2) 

The  firot  term  is  due  to  the  Anderson  localisation 


^  3,4 J  .Throe  cases  should  be  considered: 

e)  cL  >1 , spin-orbit  intorcction  is  negligible} 

b)  dL  m  -1/2  , relaxation  procoen  of  tho  spin  parollol  to  2b 


plane  (for  example,  elastic  scattering  bo  tween  subband  of  heavy' 
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itr-ii  ii0m l  hole.?  ;  arc  taken  into  account  ; 
c )  <  =  0 ,  relaxation  process  of  the  spin  perpendicular  to  2~ 
plane  (  spir.-rrbit  scattering  of  holes  by  impurities), 
arc  iakeu  *atc  account  . 

Vl'.c  second  tors.  in  expression  (I)  is  the  contribution 
to  .he  conductivity  of  curriers  scattering  bp  superconducting 
fluctuations  j  ?  j  ,  is  the  coefficient  .depending  on 
the  constant  of  the  mutual  hole-hole  interection  in  cooper  chu- 
iu»el  . 

2  i  t' 

4_3  -  In  (  1  +  i?/2  )  is  due  to  hole-hole  mutual 

? 

m’.arection  in  diffusion  channel  j  5,6  j  .where  ?  describes 
the  contribution  to  the  conductivity  of  llartreo-like  torn. 

In  ( 1 )  the  contribution  due  to  interection  with  the  small 
differences  of  energy  and  momenta  (cooper  channel)  -a  absent 
,e  neglect  th_a  teir:,  because  it  was  not  found  in  ALIK  moasure- 
r.ents. 

Before  our  experiments  only  2 J  eloctron  gas  have 
,>ucn  studied  .hugariftoic  corrections  to  the  conductivity  of 
2D  electron  gas  is  surely  provided  to  be  first  of  all  duo  to 
tha  localisation, i.o .first  term  in  expression  (1)  ,ond 
logorifmio  prefactor  a  is  equal  to  1  j  0,9  j  It  c&n  be  aeon 
in  fig.l  that  tho  slope  of  curves  gives  A  »  0.3-0. 4  ,i.o. 

3  uaeo  lower  than  for  2D  electrons.lt  can  be  explained  by 
the  fact  of  the  existence  in  2D  hole  gas  of  the  strong 
spin-orbit  scattering  and  the  case  c)  must  be  taken  into 
account  • 

In  this  case, for  2 D  hole  gas  interection  effects 
and  spin-orbit  interection  play  the  important  role  in  conduc¬ 
tivity  rather  than  for  21  electron  gas. This  suggestion  is 


confirmed  by  our  measurements  of  G('.n)  in  H.The  magnetic  field 
as  it  follows  from  |  1  j  .gives  a  rise  to  the  positive  AlJt.i.e, 
suppresses  corrections  which  increase  the  conductivity  with 
deacreasing  of  tho  temperature  and  connecting  with  the  first 
and  the  second  term  in  the  expression  (1).Il  is  clear.that 
the  magnetic  field  leads  to  increasing  of  the  value  of  the 
logarifmic  prefactor  A. as  is  really  observed  in  experiments. 
Pig. 2  shows  H-dependance  of  A. One  sees, that  A  is  increased 
to  the  value  0.9  and  after  becomas  a  constant  .It  shows. that 
at  H>1.5  kG  in  the  tenns  in  expression  (1)  connecting  with 
the  electron-electron  interection  remains  only  .and  corrections 
to  the  conductivity  due  to  effects  in  cooper  channel  are 
suppressed. 

In  2D  hole  gas  the  ratio  7L  / p?  (where  2t  is  the  Inverse 
screening  lengh  in  2D)  is  not  small  .therefore  P  and  consequent 
’erm  in  ( 1 )  are  large  enough  to  contribute  to  the  T-dependance 
of  conductivity. But  the  experiment  gives  A  •  0.9  ,i.e. 

Hart re e- like  term  is  negligible  .Therefore, the  existence  of 
the  strong  spin-orbit  scattering  in  2D  hole  gas  .as  it  has 
been  assumed  in  j  1 j  ,ia  emphasized  here  .The  theoretical  works 
[  10,11  |  have  shown, that  in  the  presence  of  the  spin 

relaxation  process  Hart ree- like  term  becomes  independent  on 
In  T  .Consequently, in  magnetic  field  the  correction  to  tho 
conductivity  due  only  to  the  exchange  effects  is  observed. 

The  small  difference  A  from  1  can  be  explained  by  the  existance 
of  the  rest  of  the  contribution  of  Hartree-llke  term. 

It  should  be  noted  that  the  influence  of  the  strong 
spin-orbit  scattering  is  a  main  difference  in  this  case  between 
hole  and  electron  gas, where  Hartree-llke  term  contributes  to 
G.but  it  is  completely  compenseted  by  the  exange  tezm.and 
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Interection  effects  in  2P  electron  gas  is  not  occur  j  9j. 
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NEGATIVE  ANO  POSITIVE  MAGNETORESISTANCE  IN  Cs  ADSORBED 
Si  fill)  N-INVERS'ON  LAVERS 

Voichl  KAWAGUCHI 

Gakushuin  Women's  Junior  College,  Toyama.  Shinjuku-ku ,  Tokyo  162,  JAPAN 
Shinji  KAWAJI 

Department  of  Physics,  Gakushuin  University,  Mejiro,  Toshima-ku,  Tokyo  171 

In  n-channel  Inversion  layers  on  Cs  adsorbed  Si  (111)  surfaces,  the  range 
of  electron-electron  interaction  constants  g{*s  are  determined  by  magneto- 
resistance  experiments  (  the  positive  magnetoresi stance  in  the  field  parallel 
to  the  surface  and  the  negative  magnetoresistance  in  the  field  perpendicular 
to  the  surface  )  and  the  log  T  dependence  of  the  conductivity.  The  results 
are  0.95 _<g4  <  1 .52,  0.36^9^0.55,  Ofg^l.H  and  0<^3^0.S7  for  ny-6. 

For  ny-2  the  value  of  g1  is  the  same  as  the  previous  one  and  the  values  of 
other  g.'s  are  one  third  of  g^'s  for  ny-6. 

>1.  Introduction 

The  recent  development  of  the  theoretical  and  experimental  studies  on  the 
electrical  conduction  of  two  dimensional  electrons  in  metallic  region  has  shown 
that  the  Coulomb  interaction  effect  (1)  and  the  spin-zeeman  effect  (2)  con¬ 
tribute  to  the  conduction  as  well  as  the  localization  effect  (3).  The  Coulomb 
and  the  localization  effects  come  from  the  orbital  motion  of  electrons  and  are 
sensitive  to  only  the  magnetic  field  component  perpendicular  to  the  surface. 
Both  of  them  contribute  to  the  log  T  dependence  of  conductivity.  The  Coulomb 
interaction  gives  rise  to  the  positive  magnetoresistance  and  on  the  other  hand 
the  localization  effect  contributes  to  the  negative  magnetoresistance.  On  the 
contrary,  the  spin-zeeman  effect  contribute  to  the  positive  magnetoresistance 
in  the  field  parallel  to  the  surface.  Therefore,  it  is  possible  through  the 
analysis  of  the  magnetoresistance  in  both  of  the  fields  parallel  and  perpen¬ 
dicular  to  the  surface  and  the  log  T  dependence  of  conductivity  to  estimate 
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the  interaction  constants  in  these  process.  However,  >t  is  difficult  to 
observe  these  three  effects  experimentally  in  usual  silicon  MOSFETs. 

The  positive  magnetoresistance  in  the  perpendicular  field  and  the  logT 
dependence  of  conductivity  have  been  observed  simultaneously  in  the  conduction 
in  n- inversion  layers  on  highly  cesium  adsorbed  p-Si  (111)  surfaces  at  temper¬ 
atures  lower  than  20K  (4).  The  electron  concentration  is  estimated  at 
8xl0^m"*  from  the  Corbino  magnetoresi  stance  at  40K.  Though  the  conductivity 
of  lSOymho  at  temperatures  around  4K  gives  kj.Jt-0.5,  the  temperature  dependence 
of  conductivity  is  still  metallic  or  not  an  activation  type.  Electrons  in  the 
inversion  layers  show  the  clear  two  dimensional  behavior  at  temperatures  lower 
than  200K.  The  angular  dependence  and  the  field  dependence  of  the  magneto¬ 
resistance  are  well  explained  by  the  combination  of  three  effects;  the  Coulomb 
'  interaction,  the  spin-zeeman  effect  and  the  localization  effect.  In  the 
present  paper  we  will  estimate  the  interaction  constants  through  the  analysis 
of  1)  the  positive  magnetoresfstance  in  the  field  parallel  to  the  surface 
using  the  Kawabata’s  formula  (2)  due  to  the  spin-zeeman  effect,  2)  the  negative 
magnetoresistance  in  the  field  perpendicular  to  the  surface  and  3)  the  log  T 
dependence  of  conductivity  using  the  Fukuyama's  formula  (1)  Including  the 
localization  term  and  the  Coulomb  interaction  term,  and  discuss  the  value  of 
the  interaction  constants.  In  the  following  discussion,  we  use  the  formula  In 
the  limit  that  the  intervalley  scattering  happens  very  frequentry  in  comparison 
with  the  inelastic  scattering  as  shown  later. 

12.  Positive  Waqnetoresistance  in  the  Field  Parallel  to  the  Surface 

Positive  magnetoresistance  increases  with  lowering  the  temperature  and  is 
proportional  to  the  square  of  field  at  high  fields  as  shown  in  Fig.  1. 

Excluding  the  negativemagnetoresistance  part  observed  at  lower  fields,  the 
magnetoresi stance  is  well  explained  by  Kawabata's  formula  (2)  devided  by  valley 
degeneracy  factor  6  (5)  as 

tolu  >12.32  («,»«,)  6(b)  [l*ho]. 

where  g3  and  g^  are  the  electron-electron  interaction  constants  associated 
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with  the  Hartree  type  correction,  b*hui2/2itkT  ■  0.214  B  (T)/ T(K)  for  electrons  in 
si  1  icon  and  the  function  G(b)  is  G(b)  *  -I!  b^  (b^  ♦  3n*^)/n(n^  ♦  b^)‘  .  for  b<<1 , 
r,(b)  •  -J.I6b^.  In  the  present  case.  b«0  2  The  dependence  of  the 
magnetoresistance  is  well  described  by 

4<.z„<Z.04  (  93  .  94  )B2(T)/T2(lO  tn*o]. 

In  Fiq.  2,  the  slope  of  the  versus  6^  curves  are  plotted  as  a  function  of 
T"^.  The  result  gives  the  mean  value  of  (1/6)  '1.52. 

i 3.  Negative  Magnetoresistance  in  the  field  Perpendicular  to  the  Surface 

The  negative  magne tores » stance  observed  in  the  field  perpendicular  to  the 
surface  cannot  be  explained  by  only  the  localization  effect  over  the  whole 
range  of  field  ovserved  as  shown  in  Fig.  3.  The  critical  field  Bc  at  which 
the  cycrotron  radius  is  comparable  to  the  mean  free  path  is  given  by 
Bc  >  31  .000  n<Ks(IO,6«l'2)  /o2(l»tlo)  fT] 

and  B^SO  T  in  the  present  system.  The  magnetoresistance  data  arc  fairly  well 
reproduced  by  only  the  localization  term  up  to  the  characteristic  strength  of 
the  field  to  observe  the  interaction  term  B0>  which  is  given  by 
Bo  ’  4,0  r»"» /o(umho)  t£  (ps)  [T], 

where  r^  is  the  ratio  of  effective  mass  to  electron  mass.  In  the  present 
system,  we  have  0Q*O.5T  .  To  get  a  perfect  fit  between  the  theory  and  experi¬ 
mental  data,  one  should  take  the  interaction  term  into  account.  The  formula 
for  the  magnetoresistance  in  the  field  perpendicular  to  the  surface  is  given 
hy  the  combination  of  the  localization  (3),  Coulomb  interaction  (1)  and  spfn- 
zeeman  (2J  terms,  do*  ■  «dOj  *doj  .  and  each  of  them  is  given  by 
acl  -  12.32  (*(  1/2  ♦  1/h  )  -*{  1/2  ♦  tc/tH  )  ♦  1n(fc/t)  )  .  [i*hoJ. 
doj  »  12.32  (  q2  -2g4  )  1 1  [  ♦"  (1/2*  U*  h)/yh)  /  (yh)2  ♦  l/(y  ♦  h)2  3  [i*ho]. 
doz  -  12.32  g3G(b)  [pmho], 

where  *  and  *"  are  hi-  and  Tetra-g«aM  function,  respectively  and 
h>aic -0. 00423  o(iffho)  *8(T)  it(ps). 

The  procedure  of  fitting  for  data  in  the  whole  range  in  the  field  is  as 


follows.  I)  The  interaction  constant  g3  in  the  spin-zeeman  term  is  assueed  to 
be  the  half  of  (g-j+g^)  value  estimated  from  the  magnetoresistance  in  the  field 
parallel  to  the  surface.  2)  At  low  field  limit  the  data  is  reproduced  by  the 
localization  term  only  by  adjusting  the  single  parameter  x  .  3)  Finally,  the 

whole  experimental  data  are  fitted  to  the  total  magnetoresistance  formula  by 
adjusting  the  value  of 

The  inelastic  scattering  time  t£  extracted  by  the  preceding  procedure  is 
fairly  well  expressed  by  t£  *  (18!  1)/T  [ps].  The  temperature  dependence  of 
is  qualitatively  explained  by  the  inelastic  scattering  time  due  to  the  electron- 
electron  Interaction  at  dirty  limit  discussed  by  Abraham  et  al.  (6).  However, 
their  theory  gives  the  inelastic  scattering  time  of  0.04  ps  at  4K  which  Is  the 
one  hundredth  of  the  observed  value  In  the  present  system. 

It  is  expected  that  the  intervalley  scattering  time  r'  is  i  several  times 
of  t  as  for  the  electrons  in  Si  (100)  channels  (7).  The  elastic  scattering 
time  t  is  equal  to  0.002  ps  at  4K  and  has  not  considerable  change  with  temper¬ 
ature.  As  t */t«  1  ,  the  intervalley  scattering  happens  many  times  in  the 
interval  between  the  inelastic  scattering.  Therefore,  one  is  allowed  to  use 
the  localization  formula  for  the  single  vally  case. 

S4.  Results  and  Discussion 

The  interaction  constant  extracted  fron  Jie  data  in  the  field  perpendicu¬ 
lar  to  the  surface  -(g^-Zg^)  decreases  with  decreasing  temperature  and  at  low 
temperatures  the  value  of  -(g2-2g4)  tends  to  1.9  as  shown  In  Fig.  4.  The 
increase  of  -(g2-2g4)  with  increasing  temperature  arises  from  the  increase  of 
»'/»c  *Uh  increasing  temperature  since  tc«1/T  and  t'  is  almost  independent  of 
temperature. 

The  temperature  dependence  of  conductivity  is  well  described  by 
o  «15.6  1nT(K)  ♦124.1  [umho).  The  temperature  dependence  of  the  quantm*  cor¬ 
rection  term  in  the  conductivity  is  given  by  Fukuyama  (1)  as 

°'l  m  12.32  [p*  {6g1  -2(93  ♦g4)>]  lnTt  [naho], 

where  p  is  the  power  in  the  expression  of  t^-T'1*.  From  the  comperison  between 
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the  theory  and  the  experiment,  *0. 26  by  giving  p*l  in  the 

present  system. 

from  the  positive  magnetoresi stance  in  the  field  parallel  to  the  surface, 
the  negative  magnetoresi stance  in  the  field  perpendicular  to  the  surface  and 
the  temperature  dependence  of  conduct ivity.  three  relations  between  the  inter¬ 
action  constants  g^'s  are  extracted  as  1)  93  ♦g^*  1.52,  2)  -  2g^  »  -1 .9  and 

3)  +92 -2(93*94)  -0.26.  If  dynamically  screened  Coulomb  interaction  is 

assumed  and  give  1/6  to  the  value  of  ,  the  value  of  93  becomes  to  be  -0.58. 

To  get  a  positive  value  for  93,  one  should  give  the  value  larger  than  0.36 
to  g1 .  And  g^  value  larger  than  0.55  gives  a  negative  value  to  g 2 .  So  as 
to  keep  all  interaction  constants  g^'s  positive,  each  g^  should  be  in  the 
following  ranfes;  0.36  ^0.55,  0^g2^1.H.  0<^j<0.57  and 

0.95  <g4s  1.52. 

In  conclusions,  1)  the  Coulomb  interaction  correction  plays  an  important 
role  in  the  quantum  correction  of  conductivity.  The  magnetoresl stance  in  the 
field  perpendicular  to  the  surface  cannot  be  reproduced  by  the  localization 
theory  only  except  the  lowest  field  region  In  the  experiments.  2}  The  range 
of  the  electron-electron  interaction  constants  gt‘s  were  given  by  three 
independent  measurements,  positive  magnetoresistance  in  the  field  parallel  to 
the  surface,  negative  magnetoresistance  in  the  field  perpendicular  to  the 
surface  and  In  T  dependence  of  the  conductivity.  In  the  analysis  we  have 
assiwed  the  valley  degeneracy  ny  of  6.  If  ny»2,  then  g 2>  g3  and  g4  are  reduced 
to  one  third  of  the  values  for  nv*6,  however  g^  does  not  change. 
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Mg.  1.  Magnetic  field  depend¬ 
ence  of  positive  magneto¬ 
resistance  In  the  field  parallel 
to  the  surface. 


Fig.  2.  Temperature  dependence 
of  the  slope  of  to  versus  B2, 
s  -dtAo#),  ^<B2). 


Fig.  3.  Magnetic  field  depend¬ 
ence  of  negative  magnetoresist¬ 
ance  In  the  field  perpendicular 
to  the  surface.  Experimental 
data  cannot  be  explained  by  the 
localization  theory  only. 


Fig.  4.  Temperature  depend¬ 
ence  of  the  interaction  cons¬ 
tants,  -(g2-2g4)  estimated 
from  the  negative  magneto- 
resistance  In  the  field 

.  perpendicular  to  the  surface. 
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MAGNETIC  FIELD  DEPENDENCE  OF  ID  SODIUM  IMPURITY  BAND  CONDUCTION 
IN  ACTIVATED  REGIONS 


Fif.  I  shows  the  log  of  conductivity  vs.  inverse  temperature  for  some  representative 
magnetic  fields.  The  solid  lines  in  Fig.  I  are  from  least-square  fits  of  the  experimental  data 
(dots)  to  the  equation 


H.  Re4sta«*r.  A.  B.  Fowler  ami  A.  Hartsteln 

I  B  M  Thomas  i  Watson  Research  Center 
Yorkiown  Heights.  New  York  1059R 

ABSTRACT 

We  have  measured  the  temperature  dependence  of  conductance  of  electrons  in  2D 
'odium  induced  impurity  hands  in  silicon  inversion  layers  from  4.2K  to  80K  observing  both 
activation  of  electrons  to  a  mobility  edge,  F,.  and  nearest  neighbor  hopping.  Ej  in  magnetic- 
fields  up  to  2'T  The  results  are  that  L ,  decreases  slightly  between  0  and  about  20T  and  then 
increases  slightly  The  prefactor  decreases  by  about  a  factor  of  four  E}  increases  munotom 
calls  None  of  these  re'ults  was  expected 

Impurity  levels  -n  Si  inversion  lasers  may  be  created  by  dnftmg  Na4  ions  in  the  Si02 
close  to  the  Si-SiO.  interface  The  temperature  dependence  of  conductance  due  to  these 
impurity  levels  shows  three  ranges  The  one  highest  in  temperature  (40-R0K)  corresponds  to 
activation  to  the  mobility  edge  (F>*.  the  middle  one  (30-I0K)  to  nearest -neighbor  hopping, 
if  ,1  and  the  lowest  one  to  variable  range  hopping  Temperature  dependence  as  a  function  of 
Na*  concentration  and  filling-factor  of  the  impurity  band  has  been  studied  in  previous 
experiments1  The  effect  of  magnetic  field  on  variable  range  bopping  has  also  been  studied7  ' 
in  this  paper  we  present  the  effect  of  a  magnetic  field  perpendicular  to  the  surface  on  the 
conductance  in  ihr  two  higher  temperature  ranges 

Ihe  samples  used  for  this  study  were  MOSFET  devices  with  a  circular  gate  of  80  microns 
diameter,  and  with  L.  the  gate  length,  equal  to  10  microns  The  Na4  concentration  was  set  to 
4>  to11  cm  :  C  onductance  was  measured  as  a  function  of  temperature  The  temperature  was 
determined  from  the  resistance  of  a  carbon  glass  thermometer  using  a  correction  for  the 
magnetic  field  dependence  of  this  resistance4  Conductance  measurements  were  made  at  the 
peak  of  conductance  which  has  been  assumed  to  correspond  to  ths  peak  in  the  density  of 
states  The  conductance  peak  did  not  change  in  gate  voltage  with  the  magnetic  field  or 
temperature 


Ex  £, 

From  these  least  square  fits  the  energies  E(  and  Ey  as  well  as  the  prefactors  a,  and  «y  were 
determined  for  each  value  of  magnetic  field.  When  c,  was  taken  as  proportional  to  T  similar 
fit*  were  obtained. 

It  can  be  clearly  seen  in  Fig.  1.  that  the  conductivity  decreases  monotonically  with 
magnetic  field  at  all  temperatures.  In  Fig.  2  the  parameters  E,  sod  E}  are  shown  as  functions 
of  magnetic  field.  Es  increases  linearly  with  magnetic  field  by  about  a  factor  of  two  between 
0  and  25  T.  As  can  be  seen  also  in  Fig.  1,  the  magnetic  field  has  only  a  small  influence  on  E, 
The  decrease  between  0  and  20  Tesla  is  nevertheless  an  effect  which  is  far  above  the  error  due 
to  the  fitting  of  the  data  The  estimated  fitting  errors  are  indicated  in  Fig.  2. 

In  Fig.  3  the  prefactors.  «,  and  ev  are  plotted  against  magnetic  field.  The  magnetic  field 
dependence  of  o,  in  the  given  geometry  might  be  expected  in  the  simple  case  to  be  given  by  a 
-  (1  ♦  w^r2)"'.  The  solid  line  in  Fig.  3  is  o  fitted  to  the  above  formula  and  shows  that  o 

basically  behaves  as  expected  r  is  about  6  x  1 0"' 4  sec  for  the  fit. 

As  shown  in  Fig.  2.  F ,  decreases  from  a  maximum  value  of  17  5 
mcV  at  zero  field  to  about  15.5  meV  at  20  T  and  then  increases  again  (o  about  15.8  meV  at 
25T  It  was  expected  that  the  magnetic  field  should  have  increased  the  binding  energy  of 
electrons  in  isolated  states.  Half  of  the  Landau  energy  is  about  6.2  mcV  at  20T  so  that  it  is 
significant  in  magnitude  compared  to  the  binding  energy  of  an  electron  band  to  an  isolated 
sodium  ion  of  20-30  mcV*-2  The  only  calculations  of  this  effect  arc  due  to  Kramer  and 
Wallis'  These  calculations  are  for  fields  much  higher  than  the  range  covered  by  our  experi¬ 
ments  The  surface  field  in  these  experiments  was  about  4x  104  V/cm  or  l  .3x  I02  esu  Since 
the  experiment  supposedly  measures  activation  to  a  mobility  edge  the  unexpected  decrease  in 
E,  may  be  the  result  of  a  decrease  in  the  position  of  the  mobility  edge  in  tbe  band  tail  This 
decrease  in  E|  is  against  experience,  which  tends  to  show  increased  localization  in  a  magnetic 
field  We  have  no  explanation  for  this  result. 

Ej  is  presumably  a  measure  of  the  band  width6-7  It  may  be  aeen  to  increase  from  about 
2.7  meV  to  about  4.5  mcV  U  it  it  a  measure  of  the  band  width,  one  may  infer  that  the 
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BOUND  ELECTRON  STATES  OF  COULOMBIC  IMPURITIES  AND 
THEIR  EFFECT  ON  NOBILITY  IN  INVERSION  LAYERS 


F.  Green,  0.  Neil  son*  and  J.  Szymanskl 
School  of  Physics,  University  of  New  South  Hales, 
Kensington  -  Sydney,  Australia  2033. 


Bound  state  energies  and  wave  functions  have  been  calculated  for  a  charged 
impurity  in  an  inversion  layer.  He  apply  a  Lippmann  -  Schwinger  scattering 
approach  which  penal ts  an  unambiguous  interpretation  of  the  bound  state 
propert>es.  The  effect  neutralised  impurity  scattering  has  on  electron 
mobilities  is  discussed. 


The  present  level  of  refinement  of  conductivity  measurements  in  S1/S102 
inversion  layers  with  Ionized  impurities  introduced  into  the  oxide  (See  (1,21) 
requires  precise  theoretical  information  on  Impurity  bound  states  and 
scattering  rates.  The  theory  must  take  into  account  the  screening  by  free 
electrons,  which  is  crucial  in  the  experimental  range  at  electron  densities. 

In  previous  calculations  of  bound  states  the  screening  has  either 
been  treated  In  a  Thomas-Ferml-like  fashion  (3,4,5]  or  neglected  entirely 
[6,7].  In  an  attempt  to  take  Into  account  the  influence  of  the  bound 
electron  on  screening  Takada  (8]  added  to  the  energy  of  the  bound  electron 
the  electrostatic  energy  due  to  bound-screening  electron  Interaction.  The 
most  consistent  approach  via  the  density  functional  formalism  (9]  still 
leaves  the  question  of  the  bound  state  energy  not  clearly  answered. 

Our  approach  to  the  calculation  of  bound  state  energies  and  wave 
functions  Is  bestd  on  multiple  scattering  theory  using  the  lippmann  - 
Schwinger  equation.  In  the  case  of  an  occupied  bound  state  the  screening 
electron  wave  function  Is  also  given  by  the  lippmann  -  Schwinger  equation 


with  the  potential  including  the  electrostatic  field  of  the  bound  electron. 
The  calculation  is  carried  out  in  a  self-consistent  manner. 


The  Hamiltonian  for  electrons  in  the  S1(100)/S102  inversion  layer  In 
the  presence  of  a  Couloatoic  impurity  can  be  written  as 

M  •  ",  ♦  V,e  ♦  V  «» 

where  Hq  is  the  self-consistent  hamiltonian  for  the  Inversion  layer  electrons 

in  the  absence  of  impurities,  is  the  bare  impurity  -  electron  interaction 

and  the  bare  electron  -  electron  Interaction, 
ee 

In  order  to  determine  bound  states  of  this  hamiltonian  some  approxl notion 
must  be  Introduced.  The  simplest  Is  the  linearised  Random  Phase  Approximation 
(RPA)  in  which  VM  is  omitted  and  the  bare  Impurity-electron  matrix  element 
v1e(q)  Is  replaced  by  its  linearly  screened  counterpart 


where  nQ(q)  Is  the  Undhard  function  for  two-dimensions  [10]  and  v^iq)  is 
the  bare  electron  -  electron  matrix  eloaent. 

A  serious  drawback  of  this  simple  scheme  1$  the  overestimate  of 
screening.  This  Is  due  to  the  neglect  of  correlations,  particularly  between 
the  bound  electron  and  the  screening  electron. 

In  our  approach  we  add  to  the  laeiurlty  -  electron  potential  (2)  a  non¬ 
linear  term  which  takes  into  account  the  non-linear  screening  effects  due  to 
a  single  electron.  (This  Includes  the  electrostatic  effects  considered  by 
Takada  [8].)  He  use  this  effective  potential  to  calculate  the  bound  state 
energy  and  wave  function,  and  the  scattering  retes  off  the  neutralised 
Impurity.  Because  the  Impurity  Is  massive  the  non- II near  term  can  be  re¬ 
placed  by  an  equivalent  two-body  scattering  term  In  the  presence  of  an 
external  potential,  and  this  can  be  solved  without  approximation. 

Our  procedure  gives  the  dominant  non-linear  corrections  to  the  RPA  for 
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this  particular  problem.  It  approximately  takes  into  account  the  simultaneous 
non-linear  interaction  of  the  screening  electron  cloud  with  the  impurity  - 
bound  electron  system.  It  reproduces  the  known  bound  state  properties  as 
the  electron  concentration  tends  to  zero.  Further  argunents  about  using 
only  one  screening  electron  to  approximate  non-linear  effects  nay  be  found 
in  ref.  11. 

Accordingly,  we  replace  (2)  by  the  expression 

v  (q)  r  «• 

W*1  =  l-WVM(q7  *  V(q)  '  •  (3) 

where  *e.(q)  includes  both  nonlinear  polarisability  and  electrostatic  effects 
from  the  electron  e1  {fig.  1). 

We  follow  a  self-consistent  iterative  procedure  [11].  On  the  first 
iteration  t.?  and  In  fig.  1  are  the  bare  Coulomb  interactions.  The 
electron  -  electron  interaction  te>e  is  taken  to  be  the  solution  of  the 
Bethe  -  Go Ids tone  equation  for  electron  -  electron  scattering  with  a  bare 
f.oulort)  interaction  ( 11 ) . ,0  is  not  modified  upon  iteration.  The  Lippmann  - 
Schwinger  equation  can  now  be  solved  with  the  interaction  9^(q)  from  (3) 
for  the  conduction  band  electrons  (S)  in  the  presence  of  the  screened 
impurity,  and  also  for  the  bound  electron  (B).  The  solutions  and  t^ 
are  then  used  as  the  appropriate  t<e  and  tie.  amplitudes  for  the  next 
iteration.  The  iterations  continue  until  t^  and  tjg  are  consistent 
after  successive  iterations. 

3.  RESULTS 

In  this  preliminary  application  of  the  theory  we  approximate  Ae«(q)  for 
scattering  electrons  (S)  by  a  simple  local  construction  using  the  correlated 
wave* function  from  the  previous  iteration, 

-  <«"'v local  V’-  <4> 

where  a  is  the  unperturbed  electron  wave- fieict ion,  and  Is  given  by 

'is  ♦  '  ’is  H  (5> 


For  the  bound  electron  (B)  we  approximate  Ag(q)  by  its  leading  term,  the 
electrostatic  field  of  the  bound  electron. 

Finally,  we  assume  that  electrons  in  the  first  subband  are  described 
by  the  variational  wave  function  |3]^ 

^  (r,z)  *  N  e1  ^  z  e'b2^2  .  (6) 

Appropriate  Vjg(q)  ar|d  v^q)  c#n  ^oun<*  in  [12]. 

In  table  1  we  present  our  results  for  the  bound  state  energy  and  the 
nobility  at  various  electron  densities.  Scattering  rates  used  in  the 
calculation  are  for  a  neutral  centre.  In  all  cases  the  density  of  the 
depletion  layer  is  3.6  x  1011  cm-2  and  the  ions  are  located  at  the  inter¬ 
face  in  the  oxide.  The  experimental  results  for  mobilities  are  taken  from 
111- 

it  should  be  noted  that  the  bound  state  energy  Eg  exhibits  a  maximum 
around  N$  *  4  x  10 12  cm“2.  while  the  mobility  flattens  out  at  the  same 
electron  concentration.  Both  effects  seem  to  be  due  to  the  interplay 
between  the  change  of  the  screening  and  the  change  of  layer  thickness  as 
functions  of  N$. 

These  preliminary  numerical  estimates  are  somewhat  crude,  and  we  shall 
report  elsewhere  on  a  more  complete  calculation  of  Ae . ( q ) .  The  formalism 
is  not  restricted  to  the  simple  wave- functions  (6),  nor  to  the  single  sib- 
band  approximation.  Being  a  microscopic  scattering  theory,  the  approach 
provides  scope  for  the  unanblguous  treatment  of  bound  state  properties. 
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A  typical  contribution  to  the  term  [vie(q)  j  A^lq)  v^lqjj  appearing 
In  (3).  The  corresponding  exchange  terns  are  also  present,  (i)  is  the 
charged  impurity  and  (e)  and  (e‘)  are  interchangeable  labels  for  the 
conduction  band  electrons  or  the  bound  electron.  The  scattering  anpHtudes 
t(»  .  t,.,  and  t_,„  are  discussed  In  the  text. 
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TWO-DIMENSIONAL  ELECTRONS  TRAPPED  ON 
A  HELIUM  SURFACE 


Marcos  H.  Degani  and  Oscar  Hipolito 
Departamento  de  Fisica  c  Ciencia  dos  Materials 
Instituto  de  Fisica  e  Ouimica  de  Sao  Carlos,  USP 
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A  simotu  u*t<la4</  f  formal  ism  is  used  in  ordeA 

to  investigate  the  ground-state  properties  oj  an  election  boanded 
on  a  t  iqu<d-  he  l*  um  surface  and  interacting  with  the  surface  mode* 
i  oscillation  Iripplonsi.  A  (irst  order  phase  -  transition- 1  i  bp 
bcht-iMon  fJif  (J'tce  self,  trapping  electron  state 

as  the  ■:tamv<  mi  c  xfeAnaf  electric  iietd  exceeds  a  certain  critical 
value  is  observed.1***  results  are  presented  do*  bo<h  cases ,  electrons 
on  4<lms  <?rf  helium  adsorbed  on  solid  neon  and  electrons  at  the 
interface  o&  phase  separated  H*  Hr  mixtures. 


Recently  Farias  ll!.  Hipolito  ct  al  |2|  and  Jackson  and 
Platzman  have  worked  out  the  path-integral  formalism  as 
introduced  by  Feynman  for  the  polaron  problem  to  compute  the 
pround-state  energy  and  effective  mass  of  a  two-dimensional 
electron  on  the  surface  of  films  of  liquid  helium.  Jn  references 
l!  and  |2  the  problem  was  treated  strictly  in  the  range  of 
large  pressing  field  corresponding  to  a  strong-coupling  limit. In 
ref.  '5|  on  the  other  hand,  the  calculation  was  performed  for  all 
values  of  the  coupling  constant  but  only  for  one  particular 
thickness  of  the  film.  The  purpose  of  this  paper  is  twofold:  (a) 

to  show  that  all  the  results  of  |1-3|  can  be  obtained  within  a 
canonical -transformation  method,  in  a  much  simpler  manner,  and 


(b)  to  anply  the  formalism  for  electrons  on  films  of  helium 
adsorbed  on  solid  neon  and  electrons  at  the  interface  of  phase- 
3  4 

separated  He-He  mixtures. 

The  electron  motion  parallel  to  the  interface  and  interacting 
with  ripplons  of  frequency  is 

H=  Jt  *lh*<*»  *  A~'ll£-  .  (1) 

2m  K  '  ~  -  K 

where  p  ,  r  are  the  2D  momentum  and  coordinate  of  the  electron, 
m  is  the  free  mass,  a^(a^)  is  the  creation (annihi lat ion)  operator 
of  a  ripplon  with  wave  number  A  is  the  surface  area  and  is 

the  Fourier  coefficient  of  the  interaction  potential. 

For  the  electron-ripplon  ground-state,  the  variational 
wave  function  l*>  will  be  postulated  to  be  a  product  of  an  electron 
wave  function  and  a  coherent  ripplon  state.  Then,  this  surface 
state  is  not  an  eigenstate  of  the  total  parallel  momentum 
operator  pt  . 

yf  -  f  +  a*  a„  (2) 

and  the  minimization  of  the  energy  should  be  performed  by 
constraining  the  operator  p^  as 

p-JMW)  -  °  .  (3) 

where  p  is  the  Lagrange  multiplier,  introduced  to  keep  the 
expected  value  of  the  total  momentum  a  constant. 

The  canonical-transformation  technique  |4.S|  consists 
first  in  subjecting  the  Hamiltonian  It*  to  a  unitary 

,ransfom.ti<n5,,«r^L  ti-r  <  \)  •  “h'r*  "  is  a  variational  parameter. 

recovering  the  weak-coupl ing  approximation  in  the  case  n  -  1  and 
the  strong-coupling  theory  in  the  limit  n  -  D. 

Next  the  expectation  value  of  the  resulting  Hamiltonian 
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ts  evaluated  for  a  trial  wave  function  given  by 

I'V)  =  ("f)  «p('  )  Sj  |o>  ,  ,4) 

where  '0>  is  the  ripplon  ground  state  wave  function,  obtained 
from  i* ^ 1  P "  3  0  and  <p  0s  1.  \  and  pQ  are  variational  parameters 
and  $,  is  the  second  Lee-low-Pines  canonical  transformation. 

S*-  L(\ "  5*  )  ]  •  «ith  the  function  to  be  determined 

variat ional ly .  Minimization  of  the  energy  with  respect  to  those 
vari ationai  parameters,  and  up  to  second  order  in  the  velocity  u, 
we  obtain  for  the  ground-state  energy  and  effective  mass  the 
following  expressions 


E  -  M  IV*! 

2  S  -»  rf*,  V/z*n 


(si 


i  (*-"k  .  -SW/lm  )J  11 

We  shall  now  apply  this  formalism  for  electrons  on  films 

of  helium  adsorbed  on  solid  neon  and  electrons  at  the  interface 

3  4 

He-He  mixtures. 


1 •  Electrons  on  films  of  helium 

The  electTon-ripplon  interaction  potential,  in  this  case, 
is  given  by  |6-8t 

Vs  ,  (ft*  fill,  K4/Jfh»6^(,£  4  A/d2)  .  O) 

The  ripplon  eigenfrequency  ij  well  described  by 

W5=  (VK  -sftf/pJK3)  tiwj,  K<*  ,  (8) 

where  o.o.  g'  and  d  are  the  density,  surface  tension.  Van  der 
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Waals  acceleration  and  thickness  of  the  liquid  helium  layer. c  is 
the  clamping  external  electric  field  and  A  is  related  to*j,  «2 
and  the  dielectric  constants  of  the  vapor,  liquid  and  substrate 

respectively,  as  A  =  f2 £t(£l- fci)/(  6t 1  Ci)  ' 

We  have  carried  cut  the  numerical  minimization  of  the 

ground-state  energy  eq.(S).  with  respect  to  the  parameters  X  and 
n.  Hence,  with  the  best-fit  values  of  these  parameters  we  have 
finally  obtained  the  energy  and  effective  mass.  In  figs.(l)  and 
(2)  the  results  are  plotted  against  the  external  electric  field 
for  various  values  of  the  helium  layer  thickness, in  the  case 
where  the  substrate  is  solid  neon  -  1.24  and  kc  -  1  .45  109/d2)  . 
As  we  can  see  from  fig.  (1),  the  energy  has  two  distinct  branches. 
The  first  branch  corresponds  to  the  weak-couol ing  regime  and  the 
second  one  corresponds  to  the  strong-couol ing  limit.  At  the 
crossing  point  of  the  two  branches  there  is  a  discontinuous  change 
in  the  slope  of  the  energy  characterizing  a  first  order  phase- 
-transition  behavior  in  which  the  polaron  state  transforms  from 
a  near ly-free  to  a  localized  state  type.  The  extremely  rapid 
variation  at  the  critical  electric  field  tQ  is  most  clear  seen 
in  fig. (2)  which  shows  the  effective  mass  changing  by  several 
orders  of  magnitude  of  the  free  electron  mass.  The  transition 
referred  here  as  localization  is  not  be  taken  so  literally  but 
in  the  same  spirit  of  Toyozawa's  work  J9|.  i.e..  in  terms  of  the 
magnitude  and  rapidity  of  the  change  of  the  effective  mass  of  this 
system. 

We  finally  note  that  for  very  thin  helium  films,  the 
contribution  to  the  substrate  becomes  important  and  totally 
dominates  the  external  electric  fi*ld. 
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*•  Electrons  at  the  interface  of  H< -He 

The  Fourier  coefficient  of  the  electron-r ipplon  interaction 
potential  V.  is  given  by  { 8 1 

v;  =  (  u/i  (p,  *r»)^y(,e£  is ) 

with  u>.  described  by 

(f«  '  Pi  )  ^  *  <r'K‘  >  (10) 

where  1 4  and  are  the  densities  of  He  and  ,  g  the  acceleration 
of  gravity  and  ,» 1  the  interfacial  tension.  phe  results  we  have 
obtained  are  plotted  in  fips.(J>4)  as  function  of  the  external 
electric  field.  The  present  results  are  in  perfect  agreement  with 
those  earlier  obtained  m  the  high  electric  field  limit  by  Farias 
1  .md  Hipolito  et  al  :  who  used  Feynman’s  path  integral  method 
for  the  polaron  problem. 

By  comparing  these  results  with  those  of  the  previous 
section  we  can  note  that  the  electron  localization  at  the  surface 
of  verv  thin  films  of  helium,  then  forming  a  two-dimensional 
f'ou  1  onb  system,  is  easier  to  be  observable  than  the  similar 
system  on  the  interface  of  phase  separated  Hp-He  mixtures. 

vie  can  also  observe  that  the  value  of  the  crit ical  external 
electric  field  r c  *  0.6?  v/cm.  where  the  transition  occurs  is  in 
a  region  physically  unacccss ibl e  ^ wi th  an  extremely  small  binding 
energy  fo**I0  meV  J. 

*i  r  f  RM ICES 

•  ('.A.  FaX/a-i .  PhV  7heA*A,  USP ,  Sdo  Cax/o4,  HXoa cf  (/?#<?)  lunpuhtiAhed] 

7  C.  "*pct*tr.  ft. A,  Fax<aA  and  V.  Studa.xt,  Suxface  Sc*.  MS  |f9J7|  594 
1  S.A.  Jaekton  and  P.A'  Ptatiman,  Phy4.il ev.  B74  (I9UJ  499 
4  U.J.  HuybxechtA,  J,nt,4.C:  So Ud  Stott  PhyA.  9  (J976)  L  777;  J.Phyi.C: 

SoUd  State  Phy a.  10  119771  3767 

1  f.I.  BodoA  and  C.  Hi  pc  l a  to.  PhyA.Kev.  877  1 791  i)  1 110 

6  V.B.  Shihin  and  Vu.P.  Mo.ionl ha,  Soviet  PhyA.  -  TfTp  31  <  I°76 1  373 


1  <7 


|7 1  ya.  p.  Horuuizha,  Soviet  J  .LadTtmp.PhuA.  2  I f 9751  751 

1 1)  V.8.  STuJuji  and  Vu.P.  MonoaJiha,  Sovltt  J  .Low  Jonp.PhyA.  2  179751  459 
|9|  V.  Toyozautt,  Pfiog.ThtoK.PhyA.  j(6,  (1961)  79 


■imfriul  retail*  Th«  J  |n*»  nr#  only  full 


*T 

3 

K 

T 

raJ^ 

L  ('•* 

tc* 

_1 

j 

o*  tf  o* 

_  tactile  mo iwat/ciw 

r,v>»f  2 

tffcinee  in  unit*  of  IM  f too  « 

function  of  t»>*  titeroil  •locttit  fioU  for  ***♦«•» 
voluot  of  tM  fllo  tMekiio**.  r*o»M*  or* 
roult*  «n<  **•*  lln»»  •»«  only  «<•»«••  *»  «•**  *»• 


nt«T»  %. 

Giound-ittt*  *norir  «■  function  of  •ltornol  olortrtc 
Hold.  Joint*  or*  the  kvMiml  llivllt  ii><  lino*  or* 


Effective  o«i*  In  unit*  of  the  atonic  Wliwn  ■■*> 
•Mint  tM  nitnrnal  tltctilt  fkilf.  Joint*  or* maericnt 
mult*  »n*  lino*  ar«  only  prutOe*  to  tho  tyt. 


r 


148 


i 


I 


I 


/  - 


0 


STRONC.lY-COlTLED  RIPPtONIC  POLARONS  IN  HIGH  MAGNETIC  P1ELDS 

Motohlko  SAITOH 

T.L.W.,  Cavendish  laboratory,  Medlngley  Rd.,  Cambridge  CB4  OHE,  U.K.* 


coupled  equations  which  are  net  up  by  the  variational  principle  to  the  free 
energy  and  the  expression  of  the  free  energy  Is  obtained.  Section  3  deals 
with  the  calculation  of  the  cyclotron  mass  and  the  line-width. 


The  quasi-tv.-  dimensional  systea  of  electrons  on  a  thin  liquid  He  film, 
whlth  are  strongly  coupled  to  the  gravity-capillary  waves  (ripplonlc 
pi  Larons),  is  investigated  theoretically  when  a  high  magnetic  field  is 
■»ppl led  perpendicularly  to  the  surface.  The  free  energy  and  the  absorption 
line-shape  of  the  cyclotron  resonance  are  calculated  with  the  use  of  the 
path-integral  method.  The  expression  for  the  cyclotron  mesa  has  the  same 
! or*  as  the  one  for  the  weak  coupling  case,  and  is  always  smaller  than  the 
>  Ifitron  vacuum  mass.  The  line-width  la  of  activation  type  with  the 
activation  energy  proportional  to  the  coupling  constant,  and  is  very 
narrow.  The  pre-factor  of  the  line-width  la  dependent  both  on  the  coupling 
constant  and  the  magnetic  field,  and  is  different  from  that  of  the  Inverse 
dc  collision  time. 


1.  Introduction 

The  system  of  electrons  on  the  bulk  liquid  helium  is  now 
wel 1-cntab:  lshed  as  one  of  the  aK>st  ideal  physical  real lsat ions  of 
quasi -two-d 1 men atonal  systems.  For  details  readers  are  referred  to  the 
review  articles  which  appeared  in  the  series  of  tha  proceedings  of  this 
conference  (l).  Recently  considerable  attention  haa  been  focused  on  the 
vysrem  of  electrons  on  the  thin  film  (typically  the  thickness  of  100  A)  of 
liquid  helium  which  la  substrated  on  dielectric  materials  such  as  solid 
neon  [2,3).  In  particular  the  possibility  la  polfltad  out  [4,5]  of  having 
ripplonlc  polarons  strongly  coupled  to  the  surface  roughness  crested  by  the 
thermal  fluctuations  of  the  gravity-capillary  waves  of  the  thin  film,  their 
quantized  versions  being  called  rlpplons.  The  ground-state  energy  of 
ripplonlc  polarons,  the  free  energy,  the  etfectlve  mass  and  the  dc  mobility 
have  been  studied  theoretically  [4,6-10]. 

The  purpose  of  this  report,  as  a  aeries  with  (10.1)},  is  to 
investigate  such  a  strongly-coupled  system  In  a  high  magnetic  field.  The 
free  energy,  the  mass-shift  and  the  1 loe-wldth  of  the  cyclotron  resonance 
will  be  computed  with  the  use  of  the  path-integral  method  which  was 
developed  by  the  author  112-14).  Section  2  presents  tha  solutlona  to  the 


2.  The  solution  to  the  coupled  equations  and  Che  free  energy 


The  coupling  function  f  between  electrons  on  a  thin  liquid  He  film 
and  ripplons  is  described  by  [10] 

-2*<*/(,»  +  l.c*>S.  (2.1) 

where  ./L^  la  the  ripplon  angular  frequency  with  the  two-dimensional  wav* 
vector  q,  &  the  coupling  constant,  k  *  the  capillary  length  and  S  the 
area  of  the  system.  The  coupling  constant  oL  la  related  to  the  appropriate 
holding  field  normal  to  the  surface  through 

d  -  (eFz>aMTTfX.  (2.2) 


where  CS  la  the  surface  tension  of  liquid  He.  The  ripplon  angular 
frequency  la  given  by 

J2q  -  .q(l  ♦  <l,/k<.>)H.  (2.3) 


where  a  Ik  the  sound  velocity  equal  to  the  geometric  mean  of  tha  effective 
gravltalonal  acceleratloo  g'  and  the  film  thickness  d.  In  our 
path-integral  formalism  [12-14]  physical  quantities  such  as  the  free  energy 
and  the  conductivity  are  expressed  In  terms  of  the  variational  functions. 
These  variational  functions  are  determined  by  the  coupled  integral 
equations  which  are  set  up  by  the  minimisation  principle  to  the  free 
energy.  The  coupled  equations  which  we  have  to  solve  arc  asset ly  the  same 
as  the  set  of  equations  (2.11),  (2.12)  and  (2.13)  of  reference  [10),  except 
that  (2.12)  la  replaced  by 


(2.4) 


because  of  the  presence  of  the  magnetic  field,  where  V  *  2»Tn/£  with  n 
being  an  Integer  and  £  the  inverse  temperature  and  1*>C  is  the  bare 
cyclotron  frequency.  The  technique  of  solving  the  coupled  equations  la 
exactly  the  same  as  before  (10)  and  similar  to  the  spirit  of  the  adiabatic 
approximation.  We  list  here  only  the  result 
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V  -  j<  *  oi  1  .  0  1/2. 

»'  -  ».'i/«rw.rTS3  »  oc  > . 


oiut  m  i>>  the  electron  vacuum  utt.  With  this  solution  w«  have 
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being  of  the 

vti»i»ii»r  ot  the  first  Landau  level,  and  that  the  canter  of  gravity  of  the 
i  yc  i.it  r«.n  oiblt  drifts  freely  with  the  affective  mass  Of/2aa. 

1  t>e  tie*  energy  can  ba  calculated  fro*  the  formula  [121 
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(2.12) 


Not*  that  the  free  energies  of  fraa  Landau  alactrona  and  free  rlpplons  era 
not  Included  In  the  above  expression.  The  final  reeult  Is  obtained  by 
approximating  A  in  the  last  Integral  by  a  constant 
Au  •  2/1  J*‘u>c‘  *  a1  *  «  )  yielding 

F  -  -(cd  /2)lnl(/*:‘aJca  ♦<*’  »0< 

♦  i/«TurrTa»  -  *Ulc)/2.  (2.0) 

wh.r.  i  •  00222...  Id  the  Euler  conecent.  The  do,lnant  drat  ter,  cowt 
ftu,  the  laBt  ter,  of  (2.12).  Nut.  that  when  0Jc  •  0.  we  recover  euccly 
the  seme  result  as  the  zero-field  free  energy  which  was  obtained  before 
[10).  This  result  la,  therefore,  the  natural  extension  to  the  case  of 
flnltt  magnetic  fields.  The  factor  In  the  logarith*  indicates  that  the 
electron  wavcf unction  In  the  adiabatic  approximation  has  the  Cauaalan  form 
with  the  decay  length  [ Ha/ 2m(k/na  ^”a  +  <*3  ♦  &  )  J**. 


3.  The  cyclotron  mess  and  the  line-width  of  the  absorption  line-shape 


The  mass-shift  and  ths  line-width  of  the  absorption  line-shape  of  the 
cyclotron  resonance  are  related  to  the  following  memory  function  (13,14) 


21  ^  H 

H(C/J)  -  —  2,  —  - 


W  (j  2s  alnhOt./^  |i/2) 

,fk  ~ 

elldTIcoeh  »hu>T  -  )  )ct>eb(ll^2^  (X  -  ^  (T)  /2, 

- 1  .i..b(»«(i/2)jd. 


).  (3.1) 


The  resonance  point  of  the  cyclotron  resonance  is  datarmload  fro* 


r 
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lO  .  *  i®  h (uJ ) 


(3.2) 


►  or  u.«-  1 •* 1 rulut  lud  ot  la  M (U) )  ,  11  In  safe  to  treat  A  as  constant  A 

uttri  *,.me  j  ifiebri  w*  h avc 

•  Mia M  -  '  .  ix  1  .a  (j.j) 

I'.tltl  *  l !  ;  ?»  UKk  tutu  O.fJ,  vr  obtain  (0  •  as  expected,  and 

t  *u-t. mi-  t*M,h  tlu-  expression  for  the  cyclotron  mass  m  ; 


»  uJ  /g  ~  (1  *  ODigtJ.)  . 


(3.4) 


dc  colllalon  tine  [10).  However  the  pre-factor  of  ^  la  dependent  on  the 
coupling  constant,  the  magnetic  field  and  temperature  and  appreciably 
different  from  the  Inverse  dc  colllalon  time. 

The  conditions  of  the  feasibility  of  the  strong  coupling  system  ware 
discussed  fully  In  110),  and  need  not  be  repeated  here.  It  la  only 
emphasized  that  the  present  system  of  electron!  on  a  thin  film  of  liquid  He 
holda  a  unique  statu*  since  the  strong  coupling  conditions  will  be  achieved 
by  a  careful  arrangement  of  the  experimental  conditions,  while  no  other 
systems  have  fulfilled  the  strong  coupling  conditions  so  far. 
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Mi..»  tin  M-psi  at  ion  nt  t  he  first  Landau  level  1*  widened  because  of  the 
i  ;«>  i  IppKm  t  upllitg,  the  cyclotron  mass  le  smaller  than  the  electro- 

.a  >u.ti.  iiiasi.  Ttns  liiasn  formula  In  the  strong  coupling  case  persists  also 
it.  it.«  >cik  coupling  case  lit).  In  both  cases  the  rlpplon  frequency  la 
vvi  .  -mall  ..‘tapered  with  the  cyclotron  frequency,  and  the  polarization 

*  !»•*■(  «  dusetf  by  rlpplon*  la  almost  static,  and  so  the  adiabatic 

.•ppr.  *im.tt  l<  n  employed  here  is  accurate  [15],  The  widening  of  the  Landau 
level  separation  or  the  reduction  of  the  cyclotron  mass  occurs  as  long  aa 

U*.  "  Jl^  ~  w*. 

f*.r  the  evaluation  of  the  line-width  P  we  only  need  to  evaluate  Re  M 
el  UJ  •  J  /R.  In  this  esse  the  full  t-dcpendeoce  of  A  should  be  retained. 
.‘I tie r w  1  •»*-  no  line-width  Is  obtainable  since  the  magnetic  field  quantises 
all  me  electroiJi  levels  Into  discrete  Landau  states.  The  last  term  of 
i.'.B)  represent*  the  tree  drift  motion  of  the  cyclotron  orbit  canter  end  Is 
the  In  source  ul  blurring  of  the  Landau  levels.  This  motion  la  ao  blow 
because  .if  the  large  effective  mass  C4/2»a  that  the  Inelasticity  due  to 
rlpplon*  (the  Cos  R/Z^t-term  In  the  second  Integrand  of  (3.1))  must  also  be 
tekw.  ini.;  account.  The  second  oscillatory  factor  In  A  which  le  due  to  the 
Internal  excited  state  with  energy  $  is  much  blower  than  the  first  term  and 
•*"  wr  c«tv  safely  neglect  It.  If  we  perform  f.e  t-lntegrst Ion ,  rhe  first 

•  initiating  factor  introduces  another  reduction  factor  0lRaqa/8mva  to  the 
current  vertex,  and  we  finally  obtain 


Re  -  (6TTE/1 aof  ^  1 2Ec/a#a)  V 


(3.5) 


*'•«  dominant  contribution  comes  from  the  lnt ra-Laodau  scats  scattaring.  It 
t*  seen  Chat  the  line-width  la  of  sccivacfori  type  with  the  activation 
energy  equal  to  a  quarter  of  the  coupling  enargy  Of .  This  la  cossson  In  tha 

153 


The  nuthor  would  be  grateful  to  Professor  S.P,  Edwards  for  providing 
him  the  opportunity  to  stay  at  tha  Cavendish  Laboratory  and  for  the 
hospitality  extended  to  him.  Ha  la  much  obliged  to  Dr.  R.  Joynt  for  the 
critical  reading  ot  the  auiiiuscrlpt.  This  work  la  performed  with  the 
partial  financial  support  from  tha  Selene*  and  Englnaerlng  Research 
Council . 


Permanent  address:  the  Institute  of  Physics,  Collag*  of  Gancral 
Education,  University  of  Tokyo,  Komaba,  Heguroku,  Tokyo  153,  Japan. 
ID  Surface  Scl.  58(1976);  73(1978);  98(1980);  113(1982). 

(2)  K.  Ka)lta  and  W.  Sasaki,  Surface  Scl.  113(1982)419. 

|3)  K.  Kxjita,  to  be  published. 

(4)  L.H.  Sander,  Pbys.  Rev.  811(1975)4350. 

(5)  U.  Ikezl  and  P.H.  Platzmsn,  Phya.  Rev.  823(1981)1145. 

(6)  S.A.  Jackson  and  P.H.  Placeman,  Phya.  Rev.  824(1981)499. 

(7)  S.A.  Jackson  and  P.H.  Platzmsn,  Phya.  Rev.  825(1982)4886. 

(8)  0.  Hlpullto,  C.A.  Pcrlas  and  N.  Studart,  Surface  Scl.  113(1982)394. 

(9)  N.  Tukuda  and  8.  Kaio.  J.  Phya.  C(1983)  In  prtas. 

[10 |  H.  Saitoh,  J.  Phya.  C  aubmlttad. 

til)  H.  Sstloh,  J.  Phya.  C  aubmlttad. 

[ 12 )  H.  Saitoh,  J.  Phya.  Soc .  Japan  50(1981)2295. 

; 13)  M.  Saitoh,  J.  Phya.  C15( 1982)69Bi . 

(14)  H.  Saitoh,  J.  Phya.  At6(1983)  In  prsaa. 

[15)  A.  Chang  and  P.H.  Platsman.  Solid  Stata  Comm.  25(1978)813. 


154 


i 


TOPOLOGICAL  DEFECTS  AND  MELTING  OF  UIGNER  SOLID  ON  CORRUGATED  SURfACES 


P.  Vashishta,  R.  K.  Kalia 

Material*.  Science  and  Technology  Division 
Argonne  National  Laboratory,  Argonne,  Illinois  60439,  U.S.A. 

and 

J.  J.  Quinn 
Department  of  Physics 

Brown  University,  Providence,  Rhode  Island  02912,  U.S.A. 


Melting  of  electrons  on  sinusoidally  corrugated  surfaces  S^  and  S^  (of 

n 


^  a  and  ^a,  a  »  lattice  spacing),  is  investigated  using 


wave  lengths  A  : 

the  method  of  molecular  dynamics.  Both  continuous  and  discontinuous  melting 
transitions  are  observed:  Melting  on  $2  is  found  to  be  discontinuous  if  UQ  is 
less  'han  the  critical  value  Uc  whereas  for  UQ  >  Uc  the  transition  is  con¬ 
tinuous.  On  the  transition  is  always  discontinuous.  Upon  melting,  grain- 
boundary  loops  are  observed  in  systems  which  undergo  discontinuous  melting 
transitions  whereas  continuous  melting  transitions  are  accompanied  by  a  small 
density  of  defects. 


Work  supported  by  the  U.S.  Department  of  Energy. 
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■  • 


Electrons  on  the  surface  of  liquid  heliun  form  a  classical  two- 
dimensional  system  whose  properties  are  completely  determined  by  the  dimen¬ 
sionless  variable,  r  *  e?(»  Ps)^*/kgT,  where  p5  is  the  surface  electron 
density.  Experimental  (1)  and  computer  simulation  (2)  studies  reveal  that  the 
electrons  form  a  triangular  Wlgner  solid  at  large  values  of  r  and  that  tne 
solid  melts  around  r  -  130.  However,  many  of  the  experimental  20  systems, 
e.g.,  rare  gases  adsorbed  on  substrates,  are  different  in  that  they  are  formed 
on  periodic  substrates.  These  systems  exhibit  a  rich  variety  of  commensurate 
and  incomnens urate  phases  and  melting  from  these  solids  have  been  the  focus  of 
several  recent  investigations  (3-5). 

In  this  paper,  it  is  shown  that  the  underlying  substrate  can  alter  the 
nature  of  the  melting  transition.  A  system  of  electrons  on  periodic  corruga¬ 
tions  S?  and  (see  Fig.  1)  is  investigated  as  a  function  of  height  of  the 
corrugation  U0,  using  the  molecular  dynamics  (MD)  method.  The  HD  calculations 
are  performed  for  a  system  of  N  -  256  electrons  with  a  neutralizing,  uniform, 
positive  background.  The  dehsity  of  electrons  is  kept  fixed  at  ps  •  1.477  * 
cm and  periodic  boundary  conditions  are  used.  The  long  range  nature  of 
the  electron-electron  interaction  Is  properly  taken  Into  account  by  the  Ewald 
summation. 

For  U0  *  0,  it  was  previously  found  that  the  melting  transition  is  first 
order  (2):  The  temperature  variations  of  the  Internal  energy  and  the  constant 
of  self-diffusion  showed  hysteresis,  supercooling,  and  release  of  latent  heat 
on  melting.  The  entropy  change  on  melting  was  found  to  be  0.3  kg  and  the 
melting  transition  was  observed  between  r  ■  118-132,  In  excellent  agreement 
with  experiments  (1). 
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On  S 2*  the  effect  of  U0  on  the  melting  transition  is  shown  in  Fig.  2. 
for  U0  r  0.125,  0.25  and  1.0  K,  there  is  no  evidence  of  hysteresis  or  release 
of  latent  heat  on  melting  and  so  the  melting  transition  is  continuous  for  UQ  > 
0.1?$  K,  whereas  for  smaller  U0  the  transition  is  first  order.  This  conclu¬ 
sion  is  also  supported  by  the  Ml)  results  on  crystallization.  A  liquid 
slight  l>  above  the  melting  temperature  is  cooled  suddenly  and  then  the  system 
is  allowed  to  run  uninterruptedly  for  several  thousand  time  steps.  The  time 

development  of  the  instantaneous  temperature  T(t)  a  T  I  mv^(t)  is  shown  In 

i  1  * 

Fig.  3.  The  values  of  T(t)  rise  sharply  in  the  first  ?00  molecular  dynamics 
time  steps  and  then  the  temperatures  oscillate  around  the  mean  values;  the 
systems  lack  diffusivity  and  are  in  the  ordered  state.  This  behavior  is  very 
different  from  what  is  observed  for  U0  E  0  where  the  transition  is  first  order 
(?) :  At  U0  =  0,  the  system  first  goes  into  a  metastable  phase  and  remains 
there  for  several  thousand  time  steps  after  which  T(t)  changes  abruptly  and 
the  system  goes  into  an  ordered  state.  Thus,  the  MO  results  snow  that  the 
nature  of  the  melting  transition  changes  from  discontinuous  to  continuous 
around  U0  -  0.06  K.  In  other  words,  there  Is  a  tricritical  melting  point  on 
*2- 

On  Sj,  the  melting  transition  is  investigated  at  U0  ■  1  K.  The  Internal 
energy  and  the  constants  of  self-diffusion  show  discontinuous  junps  around  the 
melting  temperature  and  the  transition  is  accompanied  by  an  abrupt  change  in 
entropy  which  suggests  that  the  melting  transition  is  first  order. 

Study  of  defects  upon  melting  reveals  grain-boundary  loops  on  S4  and  also 
on  S;  If  U0  <  U(.  However,  for  Uq  >  Uc  the  density  of  defects  on  $2  Is  much 
smaller.  Thus,  the  corrugation  height  appears  to  enhance  the  dislocation  core 
energy,  thereby  reducing  the  density  of  defects  and  changing  discontinuous 
melting  into  continuous  melting. 
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Figure  Captions 

figure  1:  Triangular  electron  solid  of  spacing  a  in  the  presence  of  corruga¬ 
tions  S j,  Sp,  Sj  and  with  wave  vectors  K  6  1,  2,  3,  and  4, 
respectively.  Here  K  is  measured  in  units  of  Gx  (3  i{2ps//1  )^^J, 
i.c.,  the  x-component  of  the  smallest  reciprocal  lattice  vector  of 
the  triangular  lattice. 

figure  ?:  Total  internal  energy  per  particle,  E,  as  a  function  of  temperature 
for  three  vaL  *$  of  the  corrugation  height  U0-  S  and  l  denote  the 
solid  and  liquid  phases.  The  melting  temperature  changes  from  0.3 
K  to  0.6  K  as  U0  is  increased  from  0  to  1  K. 

Figure  3:  Time  dependence  of  instantaneous  temperatures,  T(t)  a  \  (t)/?, 

for  three  values  of  Up  after  the  systems  have  been  cooled  from  the 
liquid  phase.  First  T(t)  rise  sharply  and  then  oscillate  around 
the  mean  temperature  corresponding  to  stable  solid  phases. 
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The  Effect  of  Interactions  on  the  Polaronic 
State  of  Two  Dimensional  Electrons  on  the 
Surface  of  Liquid  Helium 

S.  A.  Jackson 

Bell  Laborator ies,  Murray  Hill,  NJ 
ABSTRACT 

lu  earlier  work*1)  we  predicted  that  two-dimens ional  electrons 
.>'•  the  surface  of  a  liquid  helium  thin  film  would  form  a  polaronic 
stdtc  with  a  mass  enhancement  of  at  least  five  orders  of  magnitude, 
we  have  recently  done  a  more  general  calculation  of  the  threshold 
holding  field  where  the  polaronic  state  'orins  as  a  function  of 
t  i thickness  and  «real  density  of  electrons  on  the  surface  of 
t  he  liquid  helium,  in  particular,  the  contribution  of  interactions 
between  electrons  to  the  localization  of  a  given  electron  and  to 
it>  mass  enhancement.  We  relate  these  results  to  recent  measure¬ 
ments  of  K.  Andrei*21  on  the  mass  enhancement  and  mobility  decrease 
.>t  electrons  on  liquid  helium  films. 


kef  s  : 

1 S .  A.  Jackson  end  P.  M.  Platzman,  Phys.  Rev.  B24,  499  (1981); 
Phys.  Pev.  4886  (19B2);  Surface  Science  TI3,  401  (1982). 
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dilution,  specific  Heat,  Magneto-Thermal  Effect  and 
no-electric  Power  of  Two-dimensional  Electron  Qaa  in 
a  wwdhtiaing  Magnetic  Field 
Wlodek  Zawadzki 
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and 
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.story  magnetisation,  specific  heat,  magneto-thermal 
ai..i  tnermoelectric  power  of  the  two-dimensional  gas  of 
eractir.g  electrons  in  the  presence  of  a  quantizing  magnetic 
sr.  i  a  finite  temperature  are  considered  theoretically.  The 
.  zatjoi*  due  to  Landau  quantisation  oscillates  around  the 
as  a  function  of  magnetic  field  and  vanishes  in  the 
t  hi ml.  Tne  specific  heat  consists  of  an  intralevel  and 

er.  eve*  contributions,  both  strongly  oscillating.  Magneto- 
a  i  .ixo;  nations  of  a  thermally  isolated  superlattice  are 

!  <if  the  order  of  lK  at  low  temperatures,  which  is  10^ 

:arg<  r  than  in  50  semimetals.  The  thermoelectric  power  at 
ugr.etic  fields  does  riot  depend  on  electron  scattering  and 
.JM-ecUy  proportional  to  the  entropy.  Its  oscillations  in 
..lie  field  as  well  as  its  dependence  on  the  temperature  and 
wcl  trodden ir. g  are  discussed. 

-•loans iorial  electron  gas  in  the  presence  of  a  quantizing 
field  is  xnown  to  possess  strongly  variable  properties 
ii„;  the  relative  position  of  the  Fermi  level  with 
t  * ir.e  LdhOao  levels.  In  the  transport  effects  the 
i;  edges  are  of  crucial  meaning,  whereas  in  the  equilibrium 

fi. e  tr.e  e*  tended  ar.J  tne  localised  states  play  comparable 
.>.e  purpose  of  tnis  paper  is  to  consider  equilibrium 

dynamics  o.  tn-  /'«  electron  gas  in  strong  magnetic  fields, 
!..•  electron  s..  .tt..T.ng  is  of  secondary  importance,  in  order 
vide  .ir.  ir>  le'.ervi.'f.i  information  on  the  density  of  states, 
in,r  :,r  t»,.-  -vr  .  .  i,.»r:y  and  Related  problems. 


1.  Electron  Density,  Fertni  Energy^  Magnetization . 

We  consider  thermodynamic  properties  of  2D  gas  of  noninteract¬ 
ing  electrons  in  a  parabolic,  spherical  energy  band  at  finite 
temperature  T  in  the  presence  of  a  quantising  magnetic  field  H. 

We  include  the  spin  degeneracy  but  assume  the  spin-splitting 
factor  g*-0.  Inversion  layers  and  superlattices  based  on  GaAs 
satisfy  quite  well  trieae  assumptions,  if  the  g*-  value  enhance¬ 
ment  is  neglected.  An  incorporation  of  the  spin  splitting  into 
the  theory  is  straight-forward.  We  assume  further  that  only  one 
electric  eubband  is  populated.  The  energetic  density  of  states 
is  taken  in  the  form  of  a  sum  of  Oausaian  peaks 


-where  L  *  (hc/eH>1/2;  An  *  ftu»c<n  ♦  £->  and  T  is  ths  broadening 
parameter  (the  level  width  Ac  •  2D.  A  dependence  of  broadening 
on  the  magnetic  field  is  neglected,  cf .  111.  The  electron  density 
in  1  cm2  is 


where  A  .  (1 /e > <eH/hc) ,  yn  =  («-en)/y  and  i  .  c/kT,  n  =  CAT, 

8  .  A  /itT,  y  *  T/kT  are  the  reduced  quantitiea.  The  filling 
faotor  of  the  ayBtero  le  defined  ae  v  ■  N/A,  denoting  the  number 
of  occupied  Landau  level. .  The  condition  of  a  constant  electron 
deneity  in  the  sample  leads  to  an  integral  equation  for  the  Fermi 
energy  C<H>-  Fig-  1  ehowa  thie  dependence  calculated  for 
m*  .  0.0665  m0,  N0  *  8.1011  cm  f  =  0.5  eV  end  T  =  6X. 

The  free  energy  of  the  system  is 

?  .  NC  -  kTj'p(t)  in  [l  *  expli^ojdc  (J> 

It  la  convenient  to  ..’rite  pit)  in  the  form 

o(c,H>  =  a-H-Rlc.H)  (l|) 

wnere  a  =  (l/.Mt/hc).  The  magneti action  of  the  ayetem  ia 
K  •  -dF/dH.  After  some  manipulation  one  obtains 

M  .  kTu  )Tji  \  $  mil  ♦en*,>«  2y,1(l  *  *  ^  /„>■!«  (5) 

Ir.  or-Jur  to  calculate  a  contribution  to  magnetisation  from  one 
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completely  filled  Landau  level  one  should  put  n-*>>0  and  the 
integration  limits  *•.  The  integral  can  then  be  calculated  to 
give  :*r  =  kTa(n-2flr).  Figure  2  shows  the  magnetization  calculated 
according  to  Bq.(5)  for  the  above  mft,  NQ,r  and  T  =  4.2K.  It  can 
be  seen  that  the  diamagnetism  of  the  2D  electron  gas  oscillates 
symmetrically  around  the  zero  value,  vanishing  in  the  limit  of 
H  *  i.  .  This  i3  in  contrast  the  3D  situation,  where,  apart  from 
tne  deHaas  -  van  Alphen  oscillatory  component,  one  has  also  a 
morictonic  contribution  to  magnetization,  which  at  low  fields 
represents  the  Landau  diamagnetism,  cf,|2|.  The  inclusion  of  the 
spin  splitting  does  not  change  the  situation  -  it  simply  doubles 
the  number  of  levels.  Thus,  we  conclude  that  also  the  para¬ 
magnetism  of  the  2D  electron  gas  vanishes  in  the  low-field  limit. 
As  follows  from  Pigs  l  and  2  the  magnetization  oscillations 
follow  quite  closely  those  of  the  Perm!  level.  On  the  other  hand 
the  Shu bnikov -deHaas  oscillations  of  magnet ore si stance  have 
maxima  when  the  Landau  levels  cross  the  Fermi  energy.  It  follows 
then  that  there  should  be  a  phase  shift  between  the  magnetization 
and  the  magneto-resistance  oscillations.  In  fact,  this  has  been 
observed  recently  in  the  magnetization  measurements  on  OaAs  - 
-  GaAlAs  superlattice  |3f. 

The  first  theory  of  magnetization  for  the  2D  electron  gaa  has 
been  carried  out  using  the  delta-like  density  of  states,  with 
the  results  quite  similar  to  those  presented  in  Pig. 2.  1 2  I .  It  is 
also  of  interest  to  note  that  in  the  first  explanation  of  the 
IHvA  effect  in  3D  metals  Peierls  used  a  two-dimensional  model  of 
a  metal  at  T=0.  Already  this  early  consideration  exhibited 
certain  features  presented  above  (cf.UI). 

i.  specific  Heat,  Magneto-thermal  Effect. 


'the  specific  heat  is  given  in  general  as 

cv  =  i  JT  <c-C>o<c)tfc 
0 

in  which 


(6) 
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The  dependence  3;/*T  at  a  constant  concentration  is  determined  by 
differenciating  Eq.(2)  with  respect  to  T  and  using  Eq.(7).  This 

leads  to 
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in  which  x  s  z-n  and  the  other  quantities  are  defined  above.  The 
Permi  energy  is  first  calculated  from  the  condition  N=const. 
and  then  all  the  integrals  computed  as  functions  of  the  magnetic 
field  for  the  corresponding  ;  values.  Pig.  3  ohows  the  specific 
heat  calculated  for  the  above  parameters  at  T=6K. 

The  specific  heat  od  2D  electron  gaa  is  seen  to  consist  of 
two  contributions.  At  high  magnetic  fields,  where  h«c  »  kT,  only 
the  intralevel  thermal  excitations  contribute  to  Cy.  When  the 
Femi  energy  is  between  two  Landau  levels,  the  lower  levels  are 
completely  filled,  the  upper  ones  completely  empty,  and  Cy 
vanishes.  At  such  a  magnetic  field  the  system  can  not  absorb  low 
energy  excitations.  At  weaker  magnetic  fields  the  interlevel 
excitations  begin  to  come  into  play  if  the  temperature  is  not 
too  low.  They  are  of  importance  when  the  Penni  energy  lies 
between  two  Landau  levels.  The  interlevel  contribution  to  Cy  is 
seen  in  Pig.  3  in  the  form  of  sharp  apikea  since,  as  follows 
from  Pig.  1,  the  Permi  energy  "junps"  between  two  Landau  levels 
within  a  narrow  range  of  magnetic  field  strength.  The  rise  of 
this  contribution  with  decreasing  magnetio  field  follows  the 
general  behavior  of  Cy  for  two-level  systems  |4|.  Thus,  Pig.  3 
illustrates  a  continuous  transition  of  the  specific  heat  frcm 
the  intralevel  to  the  Interlevel  behavior,  which  is  characterised, 
among  other,  by  a  change  of  phase  of  the  magneto-oscillationa. 

At  very  high  magnetic  fields  the  Permi  energy  is  forced  below 
the  lowest  Landau  level  and  the  electron  statistics  becomes  non- 
-degenerate.  In  this  limit  only  the  lowest  level  is  occupied  and 
the  specific  heat  as  well  as  the  electron  concentration  can  be 
calculated  analytically,  to  give  at  a  finite  temperature 
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It  can  be  seen  that  the  intralevel  part  of  Cy  depends  cmcially 
on  the  level  broadening,  going  to  zero  at  vanishing  I*. 

Pig.t  shows  the  peak  value  of  Cy  for  the  filling  factor  v  =  2.5 
(a*  H  :  66  kG)  aa  a  function  of  kT /!*.  Consider  the  regime 

>>  kT  and  hu  >>  I* ,  and  the  Fermi  energy  in  the  vicinity  jf 
the  r.-tn  Landau  level.  The  completely  filled  levels  contain  A-n 
electrons,  which  do  not  contribute  to  the  specific  heat.  One  can 
stow  both  analytically  and  numerically  that  in  this  situation  at 
a  f.xed  magnetic  field  the  contribution  or  the  n-th  level  to  Cy 
?  determined  only  by  kT/i*.  This  means  that  the  dependence  shown 
in  Fig.  *4  is  universal  in  the  sense  that  it  can  be  used  for  any 
given  f  in  order  to  determine  the  behavior  of  Cy  with  tempera¬ 
ture  . 

rt  is  of  interest  to  examine  validity  of  the  general  formula 
for  the  specific  heat  of  a  strongly  degenerate  electron  gas: 

-y  *  < w * / 3 )  k*To(;).  It  can  be  easily  seen  that  this  formula  does 
r.ot  account  for  the  interlevel  contribution  to  Cy,  describing 
only  the  linear  range  of  the  intralevel  part,  as  seen  in  Fig. 4. 

The  above  expression  is  usually  derived  using  the  Sonunerfeld 
expansion  of  the  statistical  integrals  with  respect  to  the  small 
parameter  <kT/c>*,  in  which  the  Fermi  energy  ;  is  counted  from 
the  band  edge  I5'.  In  our  case,  however,  the  completely  filled 
landau  levels  below  the  Fermi  energy  are  statistically  inactive 
3nd  within  one  partly  occupied  level  the  expanaion  parameter 
becomes  (kT/D*.  In  good  samples  this  parameter  ia  mall  with 
respect  to  one  only  at  very  low  temperatures  (below  IK).  Thus, 
for  the  20  electron  gaa  in  a  magnetic  field  the  whole  concept  of 
strong  degeneracy  and  the  validity  of  corresponding  approx iraa- 
tiona  ia  limited  to  the  very  narrow  range  of  lowest  temperatures. 

If  the  above  effects  are  to  be  observable,  the  specific  heat 
of  the  electron  gaa  should  be  comparable  to  that  of  the  lattice. 

A  typical  period  of  a  superlattice  is  200  %.  For  this  value  ve 
calculate,  using  the  coefficient  A  in  Eq.  (2),  the  electronic 
specific  heat  Cy/k  •  2.*I2“1013 [. .  .3  (cm**) ,  where  the  values  in 
brackets  are  plotted  in  Figs  3  and  At  low  temperatures  the 
specific  heat  of  the  lattice,  due  to  three  acoustic  phonon 
branches,  ia  Cy  *  23*k  (N#/2HT/®D)3,  where  ia  the  number  of 
atoms  and  ®D  is  the  Debye  temperature  |A|.  The  factor  1/2  account* 
fer  two  atoms  per  unit  call  in  OaAs-type  materials.  Taking  for 
GaAs  *  2.21*1022  «T3  and  ®D  =  **26K  we  obtain  cj/k  * 


5  3 .  3*1*1  O^T3  (cm-^) ,  so  that  at  T  s  IK  the  electronic  and  the 
lattice  specific  heats  are,  in  fact,  well  comparable. 

Next  we  consider  magnetothermal  oscillations,  which  denote 
temperature  variations  of  a  thermally  isolated  system  as  a 
function  of  a  magnetic  field.  This  effect  has  been  measured  in 
three-dimensional  semiraetala  |6|,  where  the  temperature  changes 
are  of  the  order  of  10~3K.  In  a  thermally  isolated  sanple  the 
processes  occur  adiabatically ,  i.e.  the  entropy  must  remain  con¬ 
stant.  Since  the  entropy  is  an  oscillatory  function  of  a  magnetic 
field  and  an  increasing  function  of  temperature,  the  latter  must 
oscillate  in  order  to  keep  the  etropy  constant.  The  sane  prin¬ 
ciple  is  used  in  the  magnetic  cooling.  The  etropy  ia 
Sfil  *  -OF/3T)  ,  which  becomes  in  the  previous  notation 

sel  *  k'AE#  e'2y"  d*  (12) 

n 

It  can  be  easily  seen  from  the  above  expression  that  the  com¬ 
pletely  filled  levels  (x  =  i-n  «  0)  give  vanishing  contribution 
to  the  entropy.  Together  with  the  condition  of  a  constant  elec¬ 
tron  concentration,  cf.  Eq.  (2),  we  have  two  integral  equations 
for  two  unknowns  c(H)  and  T(H) ,  the  second  being  of  experimental 
interest. 

Pig.  5  shows  the  temperature  of  the  two-dimensional  electron 
gas  as  a  function  of  magnetic  field  calculated  for  a  QaAs  sample, 
as  characterised  above.  The  constant  value  of  entropy  la  chosen 
to  be  SQ  =  9.68*1 0*^k  (corresponding  to  T  =  1.25K  at  H  *  lOOkQ). 
The  very  strong  oscillations  of  temperature  result  from  vanishing 
values  of  the  intralevel  specific  heat  at  the  minima  (cf.  Pig. 3). 
On  the  other  hand,  the  phallic  shapes  of  peaks  and  the  strong 
damping  at  lower  magnetic  fields  are  due  to  the  fact  that,  as 
the  temperature  rises,  the  Interlevel  contribution  to  Cy  comes 
into  play  hampering  further  temperature  increase. 

Ttta  magnetothermal  oscillations  can  be  calculated  for  the 
realistic  case,  including  the  entropy  of  the  lattice.  In  the  low 
temperature  region,  where  Cy  «  aT3,  the  entropy  or  the  lattice 
ia  simply  3^  *  Cy/3*  This  can  be  included  in  the  constant -entropy 
condition:  S#1  «  =  const. 

T*e  result  is  shown  in  Pig.  6,  with  SftleS1  *  9.68*l01^k.  Since 
the  lattice  prevents  strong  temperature  rise,  the  Interlevel 
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contribution  to  electronic  specific  heat  ia  negligible  and  the 
magneto- thermal  oscillations  have  spike-like  behavior.  This 
should  allow  one  to  use  the  effect  as  a  spectroscopy  tool  in  2D 
systems.  At  low  temperatures  the  amplitude  of  oscillations  is  of 
the  order  of  IK,  which  is  10^  times  larger  than  in  the  three- 
dimensional  case.  The  effect  is  so  large  that  it  can  be  used  for 
magnetic  cooling. 


3  .  Thermoe  lec  trie  Power 

A  quantum  theory  of  thermo -magnetic  transport  phenomena  of¬ 
fers  some  serious  difficulties,  since  in  the  presence  of  a  tem¬ 
perature  gradient  the  system  is  not  homogeneous.  As  a  conse¬ 
quence,  the  automatic  application  of  the  Kubo  method  led  in  the 
past  to  results,  which  did  not  satisfy  the  Onsager  symmetry 
relations,  violated  the  third  law  of  thermodynamics ,  et  |7,B,9|. 
These  paradoxes  and  pussies  were  resolved  by  Ctoraetsov  1 1 D *11 1 , 
who  showed  that,  in  order  to  obtain  a  correct  description  of  the 
off-diagonal  components  of  thermo-magnetic  tenaors,  one  should 
explicitly  include  in  the  theory  a  contribution  of  the  magnetisa¬ 
tion.  This  is  related  to  the  fact  that  the  microscopic  surface 
currents,  which  determine  the  Landau  magnetisation  of  conduction 
electrons,  make  a  significant  contribution  to  the  macroscopic 
current  density  when  a  temperature  gradient  is  present.  At  high 
magnetic  fields,  i.e.  for  u»ct  >>  1,  the  diagonal  components  of 
the  transport  tensor  may  be  neglected  with  respect  to  the 
off-diagonal  ones.  The  latter  do  not  depend  on  electron  scatter¬ 
ing  in  the  high-field  limit.  Taking  into  account  the  contribution 
of  magnetisation  M  one  obtains  for  the  off-diagonal  component  of 
the  macroscopic  thermoelectric  tensor 

■„  *  <,  *  •  8  -  S  3 

where  8°  determines  the  microscopic  current  density.  When  Bxy 
is  calculated  usir^  the  standard  methods  of  the  density  matrix, 
the  equality  (13)  Is  obtained,  in  which  S  ia  the  entropy  of  the 
electron  gas.  The  thermoelectric  power  becomes 

B*y  S  (1*0 

*<»>  -  r1  8  *  e* 
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N  is  giver  in  Eq.  (2)  and  3  in  Eq.  (12),  so  that  o(H)  can  be 
remit ly  calculated  in  the  no-scattering  limit.  By  aeamiring  a 


at  a  constant  electron  concentration  one  determines  directly 
the  entropy  of  the  electron  gas. 

Pig. 7  shows  the  thermo-power  of  the  2D  gas  in  a  strong 
transverse  magnetic  field  calculated  for  the  above  parame¬ 
ters  and  T  =  6K.  At  high  fields,  as  long  as  the  interlevel 
contribution  to  Cy  is  negligible  (cf.  Pig.3),  the  entropy  (and 
consequently  o)  vanishes  when  the  Fermi  energy  is  between  two 
Landau  levels.  At  lower  fields  the  interlevel  contribution  to 
Cy  becomes  of  importance  and  the  entropy,  aa  well  as  a,  does  not 
reach  the  zero  values.  These  general  predictions  agree  quite 
well  with  the  first  experimental  observations  of  the  thermo-power 
oscillations  in  QaAs-OaAlAs  heterostructures  |l 2  I .  In  Fig. 8  we 
show  the  maximal  valuea  of  a(H)  calculated  from  Eqs  (2)  and 
(12)  as  functions  of  kT/T  in  the  limit  of  1WC  >>  kT  and  ft*c  >>  f. 
This  dependence  is  universal  in  the  same  sense  as  the  one 
presented  in  Fig.  4. 

It  is  of  interest  to  compare  the  above  results  with  the 
published  calculations  of  magneto -chermo-power  in  2D  systems  |l3, 
14,15  |.  All  above  authors  used  the  delta-like  density  of  states, 
which  is  equivalent  to  taking  r  *  0.  In  this  limit  there  is 
/?/w(l/Y)exp(-2y^)  ♦  «(z-8n).  The  integrals  in  Eqs  (2)  and  (12) 
are  then  equal  to  their  integrands  with  z  replaced  by  Bn.  A 

maximum  of  the  n-th  peak  occurs  for  n*6_,  i.e.  for  x  =0,  at  which 

l  n  l 

the  filling  factor  is  v  *  n  ♦  j.  Hence,  we  have  N  *  A(n  ♦  j) 
and  the  thermo-power  at  the  maximum  becomes 


This  is  the  result  quoted  in  |14,15|  (the  authors  of  Jl3|  erro¬ 
neously  estimated  v«n).  It  should  be  borne  in  mind  that  the 
assumptii  ns  T  =  0  and  T  t  0  correspond  to  the  limit  kT IX  -  ". 

It  can  be  seen  from  Fig.  8  that,  in  fact,  we  obtain  the  above 
value  of  a  in  the  limit  of  kT/r  *.•  .  However,  the  experiments 
are  usually  performed  i  the  range  of  kT/r  <  0.5,  wLere  the 
maximal  values  of  a  are  distinctly  lower,  as  seen  from  Fig.  8.  We 
conclude:  1/  The  "universal  values"  of  thermopower,  as  claimed  in 
the  quoted  papers,  are  not  really  universal;  2/  These  values  are 
not  likely  to  be  reached  experimentally. 
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•* .  Summary 

The  magnetization,  the  specific  heat,  the  magneto -thermal 
effect  and  the  thermoelectric  power  of  the  two-dimensional 
electron  gas  have  been  calculated  as  functions  of  a  magnetic 
field.  An  oscillatory  character  of  these  effects  is  much  more 
dramatic  than  that  for  the  three  dimensional  system,  due  to 
mi. re  pronounced  oscillations  of  the  energetic  density  of  states. 
A  concept  of  strong  degeneracy  of  the  2D  gas  in  a  magnetic  field 
is  limited  to  very  low  temperatures  (below  IK).  A  broadening  of 
the  L-andau  levels  r  is  not  essential  for  the  behavior  of  magne¬ 
tization  but  it  is  of  great  importance  for  the  thermal  effects, 
as  it  allows  for  the  intralevel,  low-energy  excitations.  At  high 
fields,  when  the  interlevel  themal  excitations  are  negligible, 
the  thermodynamic  properties  become  universal  functions  of  kT/f. 
These  theoretical  predictions  are  in  good  agreement  with  preli¬ 
minary  observations  of  the  magnetization  and  of  the  thermo¬ 
electric  power  in  GaAs-CaAlAs  heterostnjctures . 
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Figure  Captions 


The  Pemi  energy  vyc?"  magnetic  field  calculated  for  the 
2D  electron  gas  ir»  OaA.  at  a  constant  electron  density 
and  the  temperature  of  <K.  The  landau  levels  are  also 
indicated . 

Magnetisation  of  the  .•;*  electron  gas  vyrsys  magnetic 
field  calculated  for  tin*  same  conditions  as  in  Pig.l  and 
T  =  K0  *TCV/hr). 

Specific  r.cat  of  the  2D  electron  gas  ver§us  magnetic 
field  calculated  for  the  same  conditions  as  in  Pig.l.  A 
transition  from  the  intralevel  regime  to  the  interlevel 
regime  of  thf-rra.  excitations  is  clearly  seen.  Aj=(l/x)* 
<eH/ftc)  for  it  -  lkG. 

Intralevel  .(Attribution  to  the  specific  heat  calculated 
for  the  filling  factor  v  =  2.5  as  a  function  of  kT/I*. 

Magne to -i normal  oscillations  of  the  2D  electron  gas  in 
CiaAs  vqr^js  the  fill ing  factor  calculated  for  a  constant 
electrer.  •  or.  c  or.  t  rat  ion  and  a  constant  entropy.  The  entropy 
of  the  lattice  is  rot  included. 

/lagnetc-tnema  1  oscillations  YSrSUfl  the  filling  factor 
calculated  far  a  CaAs-GaAlAs  superlattice  including  the 
entropy  of  ti.i  lattice. 

The  ti.err  oe  rie  power  of  the  2D  electron  gas  Y§r§^§ 
magnetic  fi-id  .-adulated  for  OaAs  parameters  and  T  =  AK. 
T:.e  'i  i«h  .  .in-  .r..)ic.it>s  values  of  ( -e /k  )  ( In? )  /v  . 

The  \ri  .  p'.»w  r  at  the  filling  factor  v  =  n  ♦  ^ 

calc.. :  'ir.-  :  as  function  of  kT/r  in  the  range  f^c  >>  kT 
ar.J  »>  r.  >k-  :ei.otv  ga  =  a(-e/<)  •  (r.+j) /ln2. 
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Abstract 

Thermopower  measurements  on  GaAs-A^Ga^ _xAs  heterostructures 
show  that  the  Seebeck  coefficient  axx  oscillates  as  a  func¬ 
tion  of  magnetic  field  with  peak  values  aJJx  at  half  filled 
Landau  levels.  On  devices  with  mobilities  higher  than  p  ■ 

41  x  10^c»2/Vs  a  temperature-independent  value  of  a*x  £ 

40  pV/K  Is  found  at  helium  temperatures  (2  K  <  T  <  5  K)  for 
the  Landau  quantum  mmPer  >  1.  However,  on  a  sample  with 
lower  mobility  (p  >  24  x  103cm2/Vs)  aJJ*  decreases  with  de¬ 
creasing  temperature  and  reaches  a  value  of  about  31  pV/K 
at  T  «  2.8  k.  The  a^-component  shows  a  complicated  oscil¬ 
lating  behavior  and  changes  within  the  experimental  range 
v  >  2  {v  •  filling  factor)  Us  sign  at  magnetic  fields 
close  to  the  filling  factor  v  ■  3.  In  the  plateau  region  of 
the  quantized  Hall  resistance  both  aM  and  tend  to  2ero. 
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Thermomagnetlc  coefficients  of  a  two-dimensional  system  In  strong  magne¬ 
tic  fields  have  been  calculated  by  different  authors^ *2^,  but  experimental 
data  are  not  published.  In  this  paper  we  present  preliminary  data  of  thermo¬ 
power  measurements  on  GaAs-Al  Gaj  As  heterostructures  In  high  magnetic  fields. 

The  experimental  set-up  used  for  our  thermopower  measurements  Is  shown 
In  Fig.  1.  The  GaAs-AlxGa|_xAs  heterostructures  with  standard  Hall  geometry 
and  a  typical  overall  length  of  7  m  are  located  within  an  evacuated  sample 
holder  In  the  center  of  a  superconducting  coll.  A  temperature  gradient  In  the 
direction  of  the  long  axis  of  the  device  Is  obtained  by  connecting  the  device 
to  an  electric  heater  and  to  a  heat  sink  (bath  temperature  Tg)  as  shown  In 
Fig.  1.  The  temperature  difference  aT  between  the  potential  probes  Is  measured 
with  AuFe-chromel  thermocouples .and  values  up  to  aT  *  0.2  K  are  realized.  The 
estimated  uncertainty  In  aT  is  about  0.01  K.  The  thermal  voltages  parallel 
and  perpendicular  to  the  temperature  gradient  are  measured  with  a  resolution 
of  20  nV. 

Three  different  devices  were  Investigated  with  the  following  carrier  den¬ 
sities  n$  and  mobilities  p: 

Sample  5185  A:  n$  »  6.6  x  lO^cm'2;  p  •  107000  cm2/V$. 

Sample  4084  E:  n$  -  3.7  x  10ncm"2;  p  -  41000  cm2 /Vs. 

Sample  5170  A:  n$  -  2.4  x  lO^cm'2;  p  -  24000  ca2/Vs. 

In  Fig.  2  the  thermal  voltage  as  a  function  of  magnetic  field  Is 
plotted  for  different  temperature  gradients  at  a  bath  temperature  Tg  ■  4.2  K. 
The  mean  temperature  of  the  sample  varies  with  aT  and  Increases  approxi¬ 
mately  up  to  6aT  above  Tg  depending  on  the  length  of  the  device.  Within  the 
experimental  accuracy  vjjj  varies  linearly  with  the  temperature  gradient  AT, 
Indicating  that  Vpp/AT  •  1$  not  strongly  Influenced  by  a  small  variation 

of  the  mean  temperature.  The  vanishing  of  between  3.1  T  and  3.4  T  (cor¬ 
responding  to  the  plateau  region  of  tha  quantized  Hall  resistance)  demonstrates 
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that  contributions  from  the  substrate  Material  can  be  neglected.  The  Measured 
a  Is  always  negative  (as  expected  for  electrons)  and  shows  wax 1m*  and  mlnlMa 
at  the  saMe  Magnetic  field  positions  as  observed  In  SdH-experlwents  (see 
Fig.  3). 

The  peak  value  increases  with  decreasing  Landau  quantum  number  and 
approaches  a  value  of  about  40  pV/K  for  the  Landau  quantuw  mmfcer  N,«  1.  As 
shown  In  Fig.  4  this  value  seems  to  be  constant  within  the  Investigated  tem¬ 
perature  region  (2  K  *  S  K)  for  high-quality  devices  (p  K  41  x  103cm2/Vs). 

This  result  agrees  with  calculations^1"^  predicting  a  value  ■ 

-  (k  ln2/(e(NL  ♦  1/2)))  ( N Landau  quantum  nu*d>er).  However,  W.  Zawadzkl^ 
has  pointed  out  that  this  equation  Is  correct  only  In  the  limit  kT/r  »  1 
(r  •  collision  broadening).  Therefore,  with  decreasing  temperature  aJJ*  should 
be  reduced.  Our  experiments  at  T  >  2  K  show  that  this  deviation  Is  smbII  for 
samples  with  Mobilities  above  u  %  41  x  103c*2/Vs  but  seems  to  be  visible  below 
T  7  k  on  our  device  with  p  -  24  x  103  cm2/Vs. 

A  comparison  between  axx  and  axy  *  Ey/VXT  as  a  function  of  the  magnetic 
field  is  shown  In  Fig.  5.  The  off-diagonal  element  <*xy  oscillates  In  a  dif¬ 
ferent  manner  than  found  for  axx  and  changes  Its  sign  at  a  magnetic  field  close 
to  the  filling  factor  v  -  3.  This  behavior  has  been  observed  for  different 
devices.  A  theoretical  discussion  of  the  measured  a^-component  Is  complicated 
because  axy  consists  of  a  sum  of  different  contributions  which  may  explain  the 
observed  change  In  sign.  However,  In  the  plateau  region  of  the  quantized  Hall 
resistance  all  contributions  to  the  thermal  voltage  disappear  and  both  oxx 
and  tend  to  zero  at  these  magnetic  fields. 
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He  rrpor  experiments  on  the  propagation  of  ballistic  phonom.  (h rough  the  (001)  inversion  layer 
of  Si  An  attenuation  is  observed  winch  i*  an  order  of  magnitude  larger  than  can  be  accounted  for 
bv  absorption  alone  A  ne*.  dynamical  phonon  tcatienng  theory  is  preaemed  which  providea  an 
e*  plana  t>on 

I.  latri^niaa 

The  two-duncnsional  electron  gas  (2DEG>  has  been  mvcatigatcd  extensively.’  but  the 
experimental  probes  which  have  been  brought  to  bear  on  this  problem  are  mainly  of  two  kind*, 
optical  and  rlectncal  transport  (or  aome  combination  thereof)  In  our  work  we  introduce  a  new 
probe  baaed  on  the  absorption  and  scattering  of  high  frequency  ballistic  phonons  by  the  2DfcCi 
Substantial  ranges  of  energy  Ku  and  momentum  transfers  *q  in  the  plane  can  be  accessed  in  this 
manner 

Previously  we  reported”  an  e*  pen  meat  employing  the  propagation  the  transmission  of  ballistic 
phonom  through  the  (001)  inversion  layer  of  Si  which  showed  attenuation  an  order  of  magnitude 
too  large  to  be  captained  by  absorption  via  the  3b  (bulk)  electron -phonon  interaction  Thu  srmi 
particularly  intriguing  in  light  of  earlier  suspicions  (stemming  mostly  from  electrical  transport)  that 
the  electron -phonon  interaction  for  a  2DEG  ought  be  anomalously  large.1  In  the  present  work 
measurements  have  been  extended  and  a  new.  dynamical  theory  hat  been  developed  which 
successfully  accounts  fur  the  observations,  a  compelling  argument  against  the  occurrence  of  anything 
anomalous  in  the  electron -phonon  coupling  in  •  2DEG. 

The  c apartments  wore  peifcanml  an  shows  in  Fig  I  Bnltietlc  propagation  from  source  (foci  ed, 
poked  laser  epot)  to  detector  (superconducting  Urn)  in  confined  by  t  collimating  afcrt  to  I  bone 


phonons  which  specularly  reflect  from  the  Si-SiOj  interface  of  the  MOSFET  device  on  the  (001) 
batal  plane  and  thereby  paia  twice  through  the  inversion  layer  The  inael  in  Fig.  I  displays  a 
typical  detected  spectrum  time  resolved  into  longitudinal  (LA),  mode  converted  (MC)  and 
Irani  verse  acoustic  (TA)  phonons  A  square-wave  potential  (from  threshold  voilage  VT  to  some 
specified  voltage  Vf)  applied  to  the  gate  modulates  the  electron  (areel)  density  from  zero  to  a  value 
C 

n,  -  —  (Vf-VT)  where  C  is  the  oxide  capacitance  per  unit  area  The  concomitant  change  AI  of 
the  pbooon  intensity  I  it  synchronously  detected.  Figure  2  shows  AI/I  for  LA  modes  plotted  versus 
(V,-Vt)h.  which  is  directly  proportional  to  the  Fermi  wave  vector  kr  -  y/mi  (note  upper  scale) 
Thus  the  experiment  in  effect  provides  a  measurement  of  Al/I  as  the  Fermi  surface  (a  circle  of 
diameter  2kF)  is  expanded  in  size.  Four  profiles  of  AI/I  are  shown,  each  correspond  in*  to  a  selected 
phonon  source  temperature  Tk  defined  by  the  optical  excitation  power  density  P/A  according  to  a 
black-body  radiation  law4  P/A  -  <r(Ta-T4).  where  T,  is  the  ambient  temperature  and  e  is  a 
Stefan-Boltzmann  constant  for  phonons.  The  emitted  phonons  have  a  Planckian  spectrum,  but  a 
high  frequency  cutoff  develops  in  propagation  owing  to  a  Rayleigh-like  scattering  of  the  phonons  by 
i he  mixture  of  Si  isotopes  The  profiles  in  Fig  2  represent  convolutions  of  this  phonon  distribution 
function,  U(q,Tj  with  some  structure  function  Al(q)/I  which  we  shall  ooosider  next. 

3  TWy  and  tMirmil- 

An  earlier  theory1’  revealed  that  AI(q)/l  given  by  absorption  alone  faib  to  account  for  the  daU 
in  Fig.  2  (The  calculated  convolution  Al/I  is.  for  example,  an  order  of  magnitude  too  weak)  If 
the  reflection  were  total,  an  absorption  model  might  not  he  a  bad  approximation.  But  in  fact  we  are 
dealing  with  an  interface  with  small  reflectance  (r  —  4%)  inasmuch  ai  the  angle  of  incidence 
I  -  M'  is  not  far  from  the  Brewster  angle  Therefore,  contributions  from  other  sources  cannot  he 
ignored,  in  particular  phonons  bacfcecattarad  from  the  inversion  layer  itself  These  backscatterad 
ampJitadea  can  interfere  with  the  amplitodm  specularly  reflected  from  the  interface  and  because  the 
tatter  are  relatively  quite,  weak,  the  interference  affect  is  correspondingly  enhanced  (by  roughly  a 
factor  of  r ~'n  ~S). 
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In  our  new  approach’  we  calculate  the  linear  response  of  the  2DEG  to  pertubationi  by  the 
phonon*.  The  radiation  fickle  thus  act  up  are  contributed  by  both  the  real  and  imaginary  parti  of 
the  com  pie*  linear  response  function  xGf.*')  at  wavcvoctor  q  in  the  plane  and  frequency  u  Thu  is  a 
dynamical  theory  whereas  the  earlier  one  was  'static’  m  the  »enae  that  it  dealt  exclusively  with 
Imxfq^.)  as  an  abaorption  mechanism  To  facilitate  calculations  we  approximate  the  probability 
density  f(z)  of  tbe  inversion  layer  normal  to  tbe  plane  by  a  rectangular  profile  of  thickness  s  spaced 
■  distance  h  from  the  interface  located  at  z  —  O.  i.e.,  ffz)  —  »''(#(z-h+s)  -  #(r-h)I  where  #(z)  is 
the  unit  step  function  By  making  this  simplification  and  taking  advantage  of  the  fact  that  tbe 
perturbations  are  weak  (they  arc  only  a  few  percent  in  tbe  preaent  case)  we  are  able  to  obtain  an 
essentially  'exact*  analytical  expression  to  first  order  in  x^-")  for  the  total,  far-field  LA  amplitude 
in  reflection  from  which  follow*  our  final  results  (quoted  for  brevity's  sake  in  tbe  limit  a— H)). 


Al(q) _ l_  B: 

I  pc)  coafcia # 


[qlmx  ooa2k<h  -  qRex  sin2k/b] 


2B1 


pc)  coa#  uni 


qlmx 


♦  6  more  terms 


(1) 


Here  Kt,  ta  a  reflection  coefficient,  i.e..  ratio  of  reflected  to  incident  LA  amplitudes,  p  to  the  crystal 
density,  c,  is  the  LA  phonon  velocity  and  k,  -  q  cot#  it  the  LA  phonon  wavevector  normal  to  the 
plane  The  elect ron-phonoa  coupling  is  represented  by  B  *  a  am1#  ♦  b  ooa1#  where  a  and  b  are 
deformation  potential  constants*  A  plot  of  (1)  (in  its  entirely)  to  shown  in  Fig  J(a)  for  xG)-w) 
calculated  for  a  non  interact  mg  electron  gas7  at  zero  Kdvta  (Fig  3(h)) 

A  striking  feature  of  Eg  (I)  to  the  oaallatory  nature  of  Af(q)/I  evidencing  the  interference 
between  amplitudal  scattered  from  the  2DEG  and  reflected  from  tbe  interface,  the  phase  difference 
bong  amcntially  the  ratio  of  path  difference  2h  to  phonon  wavelength,  2vfc~'  (In  the  experiment  k'a 
are  limited  to  values  <2»/2h,  so  the  oscillation  to  toas  than  one  cycle)  Both  Rex  and  Imx  appear 
in  (I)  m  a  mil  depending  upon  the  phase  difference  The  leading  term  hi  (1).  enhanced  by 
R ii  ~3  0).  arena  from  direct  radiation  (wave  I  n  Fig  4)  excited  by  tbe  incident  LA  wave.  The 


second  term  (roughly  10*  smaller)  represents  bona-fide  abaorption  suffered  by  incident  and  reflected 
primary  waves  in  passing  through  the  electron  layer  (represented  in  Fig.  4  by  destructively 
interfering  forward  scattered  waves  2  and  2*).  Waves  3  and  4  in  Fig  4  represent  2  of  the  6 
contributions  omitted  from  Eq.  (1). 

Tbe  convolution  Al/l  of  Eq.  (I)  (all  8  terms)  with  appropriate  phonon  distributions  LKq.T*)  to 
shown  in  Fig.  5.  We  see  that  there  is  rather  good  agreement  with  the  data  in  Fig.  2  in  tbe  main 
areas  where  accord  was  formerly  lacking:  tbe  overall  magnitudes  arc  now  accounted  for  and  tbe 
shapes  of  tbe  profiles,  particularly  the  sustained  tails,  arc  rather  better  represented.  Tbe  only 
senous  discrepancy  is  that  tbe  curves  are  shifted  to  larger  2k p  For  the  moment  this  remains 
unexplained:  it  may  be  that  our  characterization  of  the  phonon  spectrum  bean  closer  scrutiny.  It 
should  be  emphasized  that  there  art  no  free  parameters  in  the  theory  except  s  and  h.  But  these 
must  roughly  conform  u>  the  actual  density  profile  fCt)  of  the  inversion  layer;  and,  indeed,  tbe  best 
fit  it  obtained  when  the  profile  midpoint  position,  z  -  b  -a/2,  is  choaen  to  fall  at  —3.5  a,  (where  a, 
is  the  variational  thickness  parameter  of  tbe  lowest  subband  given  by  Eq.  (3.30)  of  ref.  1)  —  very 
close  to  tbe  variational  first  moment  of  t  for  tbe  charge  density,  z*  -  3a,. 

Theory  and  experiment  arc  now  in  accord  on  the  strong  attenuation  observed  in  the  propagation 
of  ballistic  phonons  through  •  2 DEG,  giving  convincing  testimony  that  tbe  electron-phonon 
interaction  to  basically  no  different  in  2D  than  in  3D.  Interestingly,  the  work  reveals  that  phonon 
scattering  many  permit  direct  apectroaoopy  on  tbe  linear  response  function  via  the  reaction  A!(q)/I, 
something  that  to  quite  inaccessible  otherwise.  This  could  be  particularly  interesting  in  the  presence 
of  quanticing  magnetic  Adda. 

The  contributions  of  G.  Kaminsky  and  J.  P  Garno  in  sample  preparation  are  gratefully 
acknowledged.  Special  thanks  go  to  F.  C.  Unterwald  for  his  crucial  role  in  the  execution  of  the 
experiments.  One  of  the  authors  (BIH)  is  grstefnl  to  the  hospitality  of  the  National  Institue  of 
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i  Fig.  2 

PbyM  layout  of  prism  sample  Froths  o t  the  attenuation  of  LA 

Inaat:  •  time-rasofved  ballistic  phonon  phonons  by  the  (001)  Si  iftrenton 

■psrtrsm  hyar  measured  In  reflection  at 

•  -54*  (T.-  2.1SK). 
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Hg  3 

(a)  Fractional  change  in  reflected 
intensity  Al(q)/1  for  LA  pbonons  of 
wavevector  q  in  the  plane  calculated 
for  conditions  corresponding  to  Fig.  2. 
Designated  q't  are  q,  -  2kf±2  me/* 
where  c  -  ct/un4  (b)  *(q^i)  for 
non  interacting  electrons  of  valley 
degeneracy  g.  -  2,  spin  degeneracy 
g.  -  2.  and  effective  mam 
m  •  0.19  izIq. 


Ftg.4 

Identification  of  individual 
contributions  «o  AI(q)/I  |cf.  Eq  (1)  in 
tost]. 


Fig.  5 

Frofllea  of  Al/J  for  LA  pbonons 
calculated  by  convolving  AI(q)/l  le  g. 
Rg.  3 (a) I  with  phonon  distribution 
functions  for  the  beater  temperatures 

T|  specified 
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Abstract 

We  report  results  of  low  temperature  (65  mK  to  770  nix')  magneto-transport 
measurements  of  the  2/1  quantum  Hall  plateau  in  an  n-type  CaAs-AlgGa, -,As 
heterostruclure  Both  the  diagonal  resistivity  pta  and  the  Hall  resistivity  p„ 
show  thermally  activated  behavior  The  thermal  activation  energy  was  meas¬ 
ured  as  a  function  of  the  Landau  level  filling  factor,  v.  at  fixed  magnetic  fields.  B. 
by  varying  the  density  of  the  two-dimensional  electrons  with  a  back  gate  bias 
The  activation  energy  A  of  p„  is  maximum  at  the  center  of  the  Hall  plateau, 
when  if  =  2/3.  and  decreases  on  either  side  of  it.  as  v  moves  away  from  2/3  This 
resonance  like  dependence  on  v  is  characterized  by  a  maximum  activation 
energy  A*,  =  830  mK  and  Av/  v  -  8Z  at  B  =  92  5  kG  In  addition,  we  have  verified 
that  the  Hall  conductance  is  quantized  to  (2/3)e*/h  to  an  accuracy  of  3  parts  in 
10*  and  that  the  1-V  relation  is  linear  down  to  an  electric  field  of  less  than  10® 
v/cm.  showing  no  evidence  for  pinning 

The  recent  discovery  by  Tsui.  Stormer  and  Goesard  [l]  of  a  fractionally 
quantized  Hall  plateau  at  the  value  of  1/3  has  generated  a  great  deal  of  interest 
Further  experimentation  ’2]  has  shown  the  existence  of  an  additional  plateau  at 
2/3  These  plateaus  are  observed  at  low  temperatures  in  a  high  mobility  two- 
dimensional  electron  gas  system  in  GaAs-AlgGa,  „As  heterostructures  when 
placed  in  a  strong  perpendicular  magnetic  field  They  occur  when  the  lowest 
landau  level  is  fractionally  occupied  -  the  l  /3  and  2/3  plataaua  at  1  /3  and  2/3 
fillings  respectively  At  the  seme  time  the  diagonal  reststivtly  (pj  develops  a 
minimum  which  becomes  more  pronounced  at  lower  temperatures  Mors  recent 
experiment*  r3]  reveal  that  the  ]/3  plateau  is  quantized  to  an  accuracy  of 
better  then  one  pert  in  10*  and  that  Pn  is  activated  near  both  1  /I  and  2/3 
flltngs  over  e  limited  dynamic  range  Current  theoretical  results  [4.6]  indicate 
that  thee#  unusual  phenomena  are  associated  with  the  formation  of  an 


incompressible  electron  fluid  arising  from  the  strong  electron-electron  Coulomb 
Interaction  A  theory  due  to  Laughlin  [4)  predicts  the  existence  of  1/3  charge 
excitations  at  1  /3  filling  of  the  lowest  Landau  level  and  a  gap  in  the  excitation 
spectrum 

In  this  paper,  we  report  a  detailed,  low  temperature  (65  m‘  oiit)  study 
of  the  2/3  quantum  Hall  effect  in  a  GaAsAJCaAs  sample  of  ext  high  mobil¬ 
ity  (—lO*  em*/V-sec),  in  magnetic  fields  between  68  and  lOf  e  verify  that 

the  Hall  plateau  is  accurately  quantized  to  3  parts  in  10®  .  .ie  -urve  is 
linear  at  low  electric  fields  (<  lO"9  V/cm)  We  Investigate  .nperature 

dependence  of  pn  and  pn  (the  Hall  resistivity).  We  find  that  at  each  filling  factor 
u  =  nh/eB,  where  n  Is  the  electron  density.  B  the  magnetic  field  strength,  and 
h/e  the  flux  quantum.  pD  and  =  p^  -(3/2)h/  e*  are  activated  with  the  same 
activation  energy  The  activation  energy  has  a  maximum  value  at  v  s  2/3  and 
decreases  to  each  side  Other  than  the  2/3  quantum  Hall  effect,  we  have 
observed  structures  in  p*.  near  v  =  5/3.  4/3.  4/5.  and  3/5.  consistent  with  a 
recent  report  [8]  of  extra  structures  close  to  these  values  Only  5/3  and  4/3 
show  plateau  development  in  pw  The  5/3  plateau  is  accurately  quantized  to  l  1 
part  in  103 

Our  sample  is  a  modulation  doped  GaAs-AltGa|  _,Ai  heterostructure  grown 
by  molecular  beam  epitaxy  The  layered  structure  consists  of  1  pm  undoped 
GaAs.  300  K  of  undoped  AlGaAs.  and  400  l  of  Si  dopad  (2  x  lQ,a  cm-3)  AlGaAs 
Electrons  ionized  from  the  Si  donors  are  trapped  at  the  GaAs-AlGaAs  interface 
and  form  the  2-dunenslonal  gas  The  region  of  undoped  AlGaAs  separates  the 
electrons  from  the  donors  and  reduces  Impurity  scattering  Our  sample  has  a 
mobility  around  10*  cm* /V- tec  at  112  mK  By  using  a  back-gat*  bias  [7],  we  are 
able  to  vary  the  electron  density  continuously  between  1  and  2  1  x  lC'cm-1 

Figure  1  showi  typical  traces  of  p*,  and  p^  as  a  function  of  gate  voltage  at 
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several  temperatur*  >  TLe  filling  factor  i<.  is  plotted  at  the  top  The  various  pn 
trace*  correspond  to  different  contact  pairs  in  our  Hall  har  of  a  geometry  dep¬ 
icted  in  the  inset  The  traces  are  taker,  at  B  =  94  b  kC  The  ^  minimum  and 
Mail  p  aleau  at  i  =  2  ■  .1  are  evident  A  low  temperatures.  p„  approaches  zero 
over  a  finite  range  in  i-  Figure  2a  shows  raw  data  for  the  temperature  depen¬ 
dence  of  pa  around  v  ~  2  at  several  fixed  gate  voltages  (Vg)  B  is  held  con 
slant  at  92  b  kt.  At  each  Vg  corresponding  to  a  certain  v  p„  is  activated  The 
best  data  at  Vf  =  40  volts  covers  a  dynamic  range  of  2  orders  of  magnitude  in  pn 
and  a  factor  of  6  in  temperature  In  Fig  2b  w«  plot  the  activation  energy  as  a 
function  of  V,  and  v  for  both  p„  and  bp„  The  resulting  resonance-tike  curve  is 
characterized  by  a  full  width  at  half  maximum  of  A»-  =  0  05  The  maximum 
energy  occurs  at  v  =  2/3  with  a  value  of  630  mK  t  SO  mK  Unlike  a  usual  reso¬ 
nance  however  the  activation  energy  must  go  to  zero  at  a  certain  point  to  each 
side  corresponding  to  a  mobility  edge  The  number  of  localized  slates  which  fall 
between  the  mobility  edges  is  approximately  0  in  terms  of  filling  factor 

In  addition  to  the  2/3  quantum  Hall  effect  Fig  1  shows  other  prominent 
structures  near  v  =  4/S  3/S  and  3/4  However,  the  lack  of  consistency 
between  different  contact  pairs  and  temperatures  and  the  absence  of  corro¬ 
borating  plateau  development  in  p„  preclude  any  definitive  statements  concern¬ 
ing  their  exact  quantum  numbers  The  possibility  of  3/4  if  particularly  intrigu¬ 
ing  since  the  even  denominator  indicates  the  presence  of  electron  pairing  as 
suggested  bv  Halperin  fl] 

!n  Fig  3  we  she  w  magnetic  field  traces  of  p„  and  pa  with  the  gale  voltage 
r^l-l  at  TOO  volts  A  fiat  VI  plateau  is  observed  at  a  temperature  oT  6b  mK 
Aiung  w  in  a  deep  minimum  in  p„  A  rough  measurement  of  the  tempera!  urc  of 
pn  g  vr«  ar.  art  vatior.  energy  of  200  mK  Plateau  development  IS  also  observed 
*•  «  1  However  it  is  less  fiat  tnan  the  v3  at  nearly  identical  magnetic  fields 
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This  is  a  surprising  result  since  the  1/3  plateau  develops  much  more  readily 
than  the  2/3  plateau  at  similar  fields 

In  conclusion,  several  interesting  results  have  emerged  from  our  study  of 
the  fractional  quantum  Hall  effect  in  the  high  mobility,  low  temperature  regime 
First  the  2/3  and  S/3  states  are  found  to  be  accurately  quantized,  the  former  to 
3  parts  in  '.0*  and  the  tatter  1  I  part  in  10s  The  I-V  characteristic  ts  linear  at 
low  electric  fields  indicating  that  the  ground  state  at  v  -  2/3  is  not  a  pinned 
charge  density  wave  state  Other  structures  are  seen  near  4/5.  3/5.  and  3/4, 
but  their  quantum  numbers  are  not  precisely  determined  from  the  data  Both 
p„  and  bp^  show  thermally  activated  behavior  around  v  =  2/3  over  a  fairly  large 
dynamic  range  This  activated  behavior  demonstrates  the  existence  of  an 
energy  gap  in  the  excitation  spectrum  above  the  ground  state  at  v  =  2/3 

The  work  at  Princeton  University  was  supported  by  the  Office  of  Naval 
Research  and  the  National  Science  Foundation 
(,)G  E  Electronics  Laboratory.  P  0  Box  488,  Syracuse.  NY  .3221 
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f  igure  Captions 

pa  and  versus  back-gate  voltage  (V^)  and  Ailing  factor  (y)  at  B  =  94  •“>  kC 
and  various  temperatures  a)  Hall  bar  contact  pair  5-8,  b)  4-5.  c)  1-2.  and 
d)  2-5  v  ranges  between  0  5  and  0  9  Inset  in  d).  Hall  bar  geometry 

2  a)  p„  versus  T  1  at  B  =  92  5  at  various  Vf  for  v  around  2/3  b)  Activation 

energy  of  pa  and  3/2  h/e*  versus  V4  and  v  Solid  circles  pa 

Squares  .V>*y 

3  Magnetic  field  traces  of  and pn  at  V4  =  700  volts  and  T  =  65  mK  The  5/3 
plateau  appears  very  flat  A  corresponding  minimum  occurs  in  4/3 
also  shows  plateau  development 
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Abstract 

We  have  examined  the  results  of  Multiple  connections  on  a  single 
quantized  resistance  region  and  Intel — connected  quantized  resistance 
regions.  The  experiments  were  done  In  Magnetic  fields  up  to  15  Tesla  at 
low  teeper atures  In  51  MOSFETs.  Interconnected  regions  are  connected 
In  two  different  configurations:  (1)  Isolated  regions  connected  by  seme 
region  of  low  resistance,  and  (2)  contiguous  quantized  regions.  Both 
single  quantized  resistance  regions  and  connected  regions  of  type  1 
separately  allow  the  tailoring  of  resistances  to  any  desired  rational 
fraction  of  the  quantized  resistance.  These  Measured  resistances  are 
easily  accurate  to  better  than  a  few  parts  In  10^  of  the  Idealized 
resistance.  Connected  regions  of  type  2  do  not  act  as  separate  and  dis¬ 
tinct  regions.  These  regions  behave  as  If  they  Interact  via  the  p  term 
which  Is  dominated  by  the  region  characterized  by  the  lowest  Landau*^  aval 
Index. 

Single  Regions 

There  has  been  Much  Interest  In  the  quantized  Mall  effect  p-5]  since 
Its  discovery  In  1960  [6]].  The  Hall  resistance  has  been  shown  to  be  equal 
to  h/Ie2  to  within  a  part  In  107  PD  for  filled  Landau  levels  where  I  Is 
an  Integer  representing  the  Landau  level  Index.  It  Is  expected  that 
studies  of  Multiply  connected  quantized  resistance  regions  will  shed  mm 
light  on  this  unique  tvo-d I  Mens I  one I  state. 

A  single  quantized  resistance  (QR)  region  characterized  by  Landau 
level  Index  I  can  be  Multiply  connected  between  terminal s  on  the  perimeter 
such  that  the  "source-drain"  resistance  of  the  region  can  be  any  rational 
fraction  of  the  quantized  resistance.  An  arbitrary  single  QR  region  with 
Multiple  connections  can  be  evaluated  by  two  equivalent  Methods: 

(1)  By  using  Klrchoft’s  laws  where  an  arbitrary  QR  region  can  repr^ 
sentad  by  a  co 1 1 act  I on  of  resistances  end  voltages  as  shown  In  Fig.  1. 
<2>By  describing  the  region  with  currents  lemming  terminals  and 
voltagas  on  the  perimeter  which  are  constant  between  current-carrying 
terminals  as  outlined  In  Fig.  !. 

The  second  method  shoes  that  the  only  discontinuity  In  potential 
along  the  perimeter  occurs  at  the  pal  at*  where  current  leaves  the  sample. 


The  second  method  Is  also  perhaps  the  easiest  method  to  use  for  analyzing  a 
single  multiply  connected  QR  region.  Examples  of  seme  Interesting  multiple 
connections  of  a  single  region  are  shown  In  Fig.  2.  Plots  of  resistance 
versus  gate  voltage  for  these  configurations  are  also  shown  In  Fig.  2.  The 
accuracy  of  the  values  Is  the  same  as  any  source-drain  resistance  of  a  QR 
region  which  has  been  shown  to  be  equal  to  the  Hall  resistance  to  within  a 
few  parts  In  10*  C®3-  It  Is  also  observed  that  reversing  the  magnetic 
field  can  changa  the  current  path.  In  s me  cases  becoming  radically  diff¬ 
erent.  However,  the  change  In  current  path  has  no  effect  whatsoever  on  the 
resistance  value  of  the  configuration.  More  work  has  been  done  on  multiply 
connected  single  regions  and  will  be  published  elsewhere  [9]. 

Multiple  Regions 

Isolated  quantized  resistance  regions  can  be  Interconnected  by 
regions  of  few  resistance  (such  as  n  contacts)  to  attain  any  desired 
rational  fraction  of  the  quantized  resistance.  The  accuracy  of  the  vaTue 
attained  Is  also  Halted  by  the  relative  accuracy  of  the  source-drain 
resistance  of  a  single  sample  as  compared  to  the  Hell  resistance  es  above. 
An  arbitrary  set  of  Inter-connected  QR  regions  can  be  evaluated  by 
the  same  methods  described  above  for  a  multiply  connected  single  QR 
region.  Using  either  of  those  methods,  the  voltage  between  any  two  probes 
divided  by  the  total  current  can  ba  easily  calculated.  The  resulting 
resistance  can  ba  made  to  ba  virtually  any  rational  fr.  ctlon  of  the 
quantized  resistance.  Saee  simple  examples  and  the  resultant  resistances 
are  shown  In  Table  I.  An  accompanying  experimental  example  Is  shown  In 
Fig.  3. 

All  voltage  differences  are  measured  from  points  on  the  sample 
perimeter  through  which  no  current  passes.  As  e  result,  the  deviation  tram 
the  calculated  resistance  Is  due  only  to  differences  between  the  actual 
currant  and  the  calculated  current.  These  differences  originate  from  the 
differences  in  the  resistance  of  Individual  contacts  connecting  the 
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quantised  regions.  Thus  the  measured  resistances  can  easily  he  accurate  to 
better  than  a  few  parts  In  10^*  of  the  Ideal  lied  resistance. 


Contiguous  Regions 

Contiguous  QR  regions  have  regions  of  differing  densities  charac¬ 
terised  by  different  Landau  level  Indices.  These  regions  exhibit  entirely 
different  properties.  Such  properties  require  an  entirely  different  per¬ 
spective  to  understand  the  Interaction  between  contiguous  regions.  They 
do  not  behave  as  separate  and  distinct  regions.  Me  have  performed 
prel 1*1  nary  experiments  on  devices  which  have  a  uniform  oxide  thickness 
and  the  gate  Is  composed  of  a  region  of  fixed  voltage  contiguous  with  a 
standard  gata  electrode.  These  experiments  Indicate  that  thasa  regions 
"communl cate"  via  the  .  term. 


A  conductance  device  (open  gecmetry  with  large  m/I)  was  modified  in 
this  way  with  each  region  connecting  the  source  and  drain  (see  Fig.  4a.). 

Me  studied  the  fixed  density  region  of  the  sample  In  Isolation  to  charac¬ 
ter  I ie  It.  Me  observed  Shubnl kov-de  Haas  oscillations,  but  they  were  not 
as  distinct  as  those  resulting  from  a  voltage  only  on  the  gate  electrode. 

At  constant  magnatlc  field  we  varied  the  voltage  on  the  gate  electrode 
and  plotted  the  sample  resistance  versus  gate  voltage.  The  results  are 
shown  Is  Fig.  4a.  They  show  that  there  Is  a  strong  Interaction  betwean  tha 
raglons.  Tha  rasl stances  at  the  J-2  and  1-4  levels  ere  far  above  tha 
values  expected  for  non-interacting  regions.  When  the  density  due  to  the 
gate  electrode  Is  at  a  filled  landau  level,  the  resistance  of  the  sample 
tends  toward  the  resistance  of  whichever  region  has  the  higher  Landau  level 
Index.  Me  do  not  heve  enough  data  to  unambiguous! y  state  what  exact  Inter¬ 
action  causes  this  other  than  that  It  occurs  via  tha  .  ^  term.  Ma  suggast 
a  modal  In  which  the  sample  behaves  Ilka  one  overall  region  character Ized 
by  tha  smaller  Landau  level  Index  In  par a I  lei  with  a  smaller  region  charac¬ 
terized  by  tha  difference  between  the  Landau  level  Indloas.  This  suggests 
a  picture  In  which  the  electrons  ln^£^  filled  Landau  level  Interact  only 


with  electrons  within  that  level. 

Me  also  observed  the  effects  of  similar  modifications  on  devices 
of  closed  geometry  (see  Fig.  4b.).  A  corbtno  disk  was  modified  to  have 
two  contiguous  regions  with  each  region  connecting  the  source  and  drain  of 
tha  device.  The  SdH  oscillations  of  tha  fixed  density  pert  of  the  sample 
were  not  as  strong  as  In  the  previous  sample,  and  the  results  are  not  as 
pronounced.  In  spite  of  this  they  still  show  that  the  two  regions  ere  not 
acting  as  Independent  regions.  Typical  results  at  8  Tesla  are  shown  In 
Fig.  4b.  When  the  region  of  variable  density  Is  at  Landau  level  Index  1-4 
the  resistance  becomes  even  larger  then  the  resistance  of  the  fixed  density 
region  elone.  Two  Independent  regions  would  combine  In  parallel  end  give  e 
lower  resistance.  These  results  suggest  that  this  type  of  device  may  act 
like  a  Ccrblno  disk  characterized  by  the  smaller  Landau  level  Index  In 
parallel  with  a  conductance  region  characterized  by  the  difference  between 
the  Lendau  level  Indices,  although  better  devices  are  needed  to  determine 
this  unambiguously.  However,  both  the  open  and  closed  geosetry  davlces 

show  that  the  contiguous  regions  communicate  vie  the  k  parameter. 

*7 

Me  have  also  Investigated  devices  with  periodic  "Islands"  of  differing 
oxide  thickness.  The  resistance  of  this  device  as  a  function  of  gate 
voltage  Is  shown  In  Fig.  9  along  with  an  outline  of  the  device.  Analyzing 
this  plot  shows  that  the  Islands  do  not  affect  the  resistance  of  the  over¬ 
all  region  when  the  latter  Is  strongly  quantized  between  Landau  levels 
(note  1-2  end  1-4).  The  value  of  the  smsple  resistance  at  the  l-f  level  Is 
most  likely  due  to  a  non-zero  value  of  such  that  there  Is  coup I Ing 
between  the  bulk  region  and  the  Islands.  The  basic  difference  between 
these  devices  and  the  contiguous  region  devices  described  previously  Is  the 
topology  of  the  contiguous  regions.  If  the  Islands  had  spanned  the  width 
of  this  device,  then  there  would  be  coupling  between  regions  vie  the 
term  as  with  the  other  samples  end  not  Just  via  the  term.  Put  In 
simple  terms,  the  electronic  state filled  Landau  levels  does  not  Inter- 


I  1  KU.  »  M 


-4 


act  with  other  states  unless  It  Is  forced  to  do  so.  Nora  work  on  better 
samples  of  contiguous  quantized  regions  Is  underway  to  determine  completely 
the  dynamics  of  contiguous  regions  and  the  effect  that  topology  has  on 

than, 
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We  report  magnetotransport  measurements,  down  to  0.55  K  and  up  to  28  T. 
on  GaSb-lnAs-GaSb  heterostructures  At  moderate  and  high  fields,  the 
magnetoresistance  vanishes  and  the  Hall  resistance  shows  plateaus  at  values  of 
h/ie2  when  i  (i  »  1,2.3,  )  magnetic  levels  are  fully  occupied  In  addition,  in 
high  mobility  samples,  new  features  appear,  the  most  prominent  being  a 
plateau  at  i  «  5/2  The  characteristics  of  these  features  arc  different  from 
those  observed  in  GaAs-GaAIA*  at  fractional  occupation  numbers,  suggesting 
that  they  are  likely  related  to  the  presence  of  holes  in  this  system. 


The  study  of  two-dimensiooal  (2D)  carriers  confined  at  the  interface  between 
two  semiconductors  has  attracted  great  attention  especially  in  connection  with 
the  Quantized  Hall  Effect  (QHE)  So  far  the  only  system  studied  in  detail  has 
been  GaAs-GaAIAs.1*4  and  to  a  much  less  extent  InGaAs-InP  5  6  Recently  an 
anomalous  QHE  has  been  observed  in  the  former  system7*9:  Hal)  plateaus 
develop  at  magnetic  fields  above  the  quantum  limit  for  fractional  Landau- level 
occupation  numbers  i  -  1/3  and  2/3.  Additional  features  have  been  resolved 
for  i  -  4/3.  5/3.  2/5,  3/5.  4/5  and  2/7.  No  structures  however  have  been 
detected  for  any  series  corresponding  to  even  inverse  filling  factors  like  1 1 2 
or  1/4.  although  the  possibility  of  a  charge  density  wave  with  a  square  density 
pattern  at  i  -  1/2  has  been  suggested.10 


KnAs-GaSb  constitutes  a  system  qualitatively  different  from  GaAs 
GaAlAs  in  that  electrons  and  boles  coexist.  Because  of  the  relative  energy 
position  of  the  valence  aod  conduction  bands  of  bulk  In  As  and  GaSb.  in  a 
beterojunciion  of  the  two  materials  a  2D  electron  gas  is  formed  in  InAs.  and  a 
2D  hole  gas.  of  the  same  density,  is  formed  on  the  GaSb  side  of  the  heteros¬ 
tructure  The  intrinsic  nature  of  the  process  determines  the  density  of  the  2D 
gsses  and  prevents  the  possibility  of  varying  the  carrier  concentration  in  an 
InAs-GaSb  heterojuntion.  This  limitation  can  be  overcome  in  a  GaSb-lnAs- 
GaSb  double  beterost nurture  (see  Pig.l),  in  which  the  semimetallic  nature  of 
the  system  is  preserved  but  the  number  of  transferred  electrons  into  the  InAs 
layer  depends  on  its  thickness  L.  Above  a  critical  thickness  (*60  A),  below 
which  no  transfer  occurs,  the  number  of  carriers  increases  monotonically  and 
tends  to  saturate  for  L£300A.  when  more  than  one  electron  subband  is 
occupied 11 . 

In  this  paper  we  report  a  study  of  the  QHE  in  GaSb-lnAs-GaSb 
Quantum  Wells  (QW)  with  L  ranging  from  70  A  to  200  A.  The  structures 
were  grown  by  molecular  beam  epitaxy  on  semi -insulating  GaAs  substrates 
The  thio  InAs  layer  was  deposited  on  a  thick  (3000A)  GaSb  buffer,  and 
finally  200  A  of  GaSb  were  evaporated  on  top.  Six-arm  Hall  burs,  2  mm.  long 
and  0  I  mm  wide,  were  prepared  using  photolitographic  techniques  and  ohmic 
contacts  to  the  2D  carriers  were  made.  The  electron  concentration  and 
mobility,  as  determined  from  low-field  Hall  measurements  at  4.2  K.  increased 
with  L  from  3x10*  lcm*2  to  8.5x10*  km*2.  and  from  4X104  cmVVsec  to 
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2.1xl05cm2  /V *ec,  respectively.  Background  doping  levels  for  bulk  InAs  (n 
type)  and  GaSb  (p  type)  grown  under  similar  conditions  were  in  the  low 
10,6cnr3  range  The  magnetotransport  experiments  were  performed  at  the 
National  Magnet  Laboratory,  with  fields  up  to  22  T  with  a  Bitter  coil  alone, 
or  up  to  28  T  by  placing  a  Bitter  coil  inside  a  superconducting  magnet.  Sample 
temperatures  down  to  0  55  K  were  reached  using  pumped  liquid  He3. 

Figure  2  shows  the  magneto  and  Hall  resistance,  at  1.6K,  for  a  QW 
with  L  -  100A  The  magnetoresistance  exhibits  a  typical  oscillatory  behav¬ 
ior,  corresponding  to  the  crossing  of  the  electron  Landau  levels  (N  «  1.2.  ...) 
through  the  Fermi  level.  At  moderate  fields.  »8T,  the  levels  are  spin-split,  as 
indicated  by  the  ±  signs.  A  zero-resistance  state,  already  hinted  at  1.6  K  in 
Fig.  2.  is  reached  at  temperatures  lower  than  1  K.  The  Hall  resistance  shows 
well  defined  plateaus  for  fields  as  low  as  2.S  T.  and  a  good  agreement  was 
found  (better  than  1  %)  between  the  experimental  and  the  theoretical  values 
(h/ie2).  A  similar  behavior  was  observed  in  other  moderate-mobility  samples, 
up  to  the  extreme  quantum  limit,  which  for  a  sample  with  L  -  70  A  was 
reached  at  *22  T 

On  the  other  hand,  samples  with  mobilities  £  1.5xl05cm2/Vsec  pres¬ 
ented  a  different  behavior  In  addition  to  the  regular  Hall  plateaus  they 
exhibited  extra  Hall  structures,  like  the  ones  shown  in  Fig. 3.  There,  three 
extra  feat  ires  are  revealed  in  at  fields  of  3.3,  12  and  23.5  T.  The  most 
prominent  is  a  plateau,  that,  if  described  by  a  fractional  filling  factor,  corre¬ 
sponds  to  i  -  S/2  (within  1%).  In  all  cases  corresponding  structures  were 
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observed  in  p„.  Several  aspects  of  these  results  are  noteworthy  :  (1)  The 
suggestion  of  quantization  of  the  Hall  effect  for  fractional  filling  factors  i  >  5. 
(2)  A  better-defined  fractional  quantization  for  i  -  2.5  than  for  i  <  2.  (3) 
The  existence  of  a  Hall-quantized  region  (at  12  T)  without  a  clear  indication 
of  a  corresponding  zero-resistance  region.  All  these  characteristics  are 
remarkably  different  from  those  of  GaAs-GaAAs,  where  (a)  fractional 
quantization  has  been  observed  only  up  to  5/3,  (b)  the  structures  are  always 
better  resolved  at  higher  fields  and  (c)  no  evidence  of  inverse  even  fractions  is 
found  Moreover,  for  the  sample  of  Fig.3  the  plateau  at  12  T  was  clearly 
distinguishable  at  4.2  K,  a  temperature  at  which  the  fractional  structures  are 
unobservable  in  GaAs-GaAIAs.  At  this  temperature  the  broad  peak  in  p„, 
centered  at  12  T,  was  clearly  resolved  into  two,  and.  as  it  was  lowered  to  0.55 
K.  the  high-field  peak  decreased  in  intensity  and  moved  to  lower  fields. 
Preliminary  data  at  much  lower  temperatures  also  indicate  a  very  different 
behavior  between  the  two  peaks  of  the  doublet  in  pu  at  5.3  T. 

These  facts  suggest  that  the  origin  of  the  extra  structures  is  different 
from  the  regular  Hall  plateaus.  The  presence  of  electrons  and  holes  in  the 
system  makes  the  analysis  much  more  difficult.  In  a  trolly  metallic  structure  ( 
o  -  p)  the  crossing  of  the  electron  and  bole  Landau  levels  through  the  Fermi 
level  should  be  simultaneous,  and  thus  no  oew  features,  due  directly  to  holes, 
would  be  expected.  The  observed  new  structures  could  result  then  from  an 
electron-bole  interaction  in  a  way  not  known  at  the  present  time.  It  is  also 
possible  that  they  arise  from  e  deviation  from  complete  balance  between  the 
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two  types  of  carriers,  so  that  the  field-induced  emptying  of  the  Landau  levels 
is  not  concurrent  The  additional  structures  would  then  be  due  to  holes, 
which  would  explain  the  different  temperature  dependence  found.  This 
interpretation  is  also  consistent  with  the  fact  that  none  of  the  additional 
features  is  observed  in  low-mobility  samples,  in  which  the  bole  mobility, 
always  much  lower  than  the  electron  mobility,  is  expected  to  scale  down 
accordingly 

We  are  indebted  to  P  Tedtow  for  his  cooperation  in  the  low  tempera¬ 
ture  measurements 
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Fig.  2  Magneto  (bottom)  and  Hall 
(top)  resistance  for  a  quantum  well 
with  L  -  lOOV  The  length  to  width 
ratio  for  the  magnetoresistance  data 
was  10 


Pig.  I  Band  structure,  in  the  electric 
quantum  limit,  for  a  GaSb-InAs-GaSb 
doable  heterostructure.  The  valence 
band  (VB)  of  GaSb  lies  higher  in  ener¬ 
gy.  by  an  amount  A(«0.15eV),  than 
the  conduction  band  (CB)  of  InAs. 
which  is  the  origin  of  the  electron 
transfer.  The  electron  and  heavy  hole 
levels  are  indicated  by  E}  and  HH*. 
The  Fermi  energy  is  represented  by  n 


Fig.  3  Magnetoreti stance.  pn,  in 
kQ/O.  and  Hall  resistance,  at 
0.55K,  for  a  sample  with  L-150A  and 
a  mobility  of  2.1  x  105cm2/Vsec.  The 
arrows  indicate  a  full  Landau-level  oc¬ 
cupation  corresponding  to  i  levels 
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•tovti  Physics  in  TWo-Dlmensiona  With  Modulation-Doped  Heteroatructurea 

H.  L.  StPi  ntr 
Ball  Laboratories 
Hurray  Hill,  Haw  Jersey  0797* 

Recent  progress  with  modulation-doped  two-dinenalonal  oar- 
rlar  systems  is  reviewed  with  emphasis  on  tha  observation  of 
naw  phenomena  likes  deRaaa-vmn  Alphen  affact  In  two  dlmen- 
alona,  Quant laad  Hall  effect,  saro-raalatanca  state, frao- 
tlooal  quantisation  and  two-dimensional  hola  subband  struc¬ 
ture  . 

A  two-dinenalonal  (2D)eleotroo  systan  is  a  thaoratloal  oonoapt .  Trans la - 

tlonal  Invar lanca  In  tha  x-y  plana  and  no  degree  of  freedom  In  tha  t-dlrectloc 
ara  Its  pradoailnant  Incradlants. 1  These  Ideal  conditions  oan  be  approached 
experimentally  In  a  nuabar  of  different  aedla.  Electrons  an  the  surfsoe  of 
liquid  He2  and  at  the  seal  conductor /oxide  interface  of  a  31-M03FTT1  ara  tha 
claaaloal  exaaplaa  of  such  aysteaa.  Tha  suocasa  to  which  tha  lntrlnelc  proper, 
ties  of  a  2D  ays  tan  oan  be  determined  experimentally  depends  largely  on  tha 
degree  to  idiloh  the  physical  structure  reflects  the  Ideal  2D  oonoapt.  This 
requires  minimisation  of  underslrsd  interaction  of  tha  2D  systea  with  tha  host. 
Nodlfloatlons  Aia  to  tha  periodic  potential  of  tha  host  ara  easily  worked  into 
tha  theory  and  of  little  concern.  The  prime  coooem  must  he  random  fluctua¬ 
tion*  in  Um  carrier  confining  potential  which  leads  to  scattering  of  the  2D 
electrons  end  thus  a  finite  scattsrina  t lee  T (conveniently  determined  by  the  mo¬ 
bility  m  -  e~).  The  persistent  striving  to  lmprovs  the  scattering  ties  In  real 
2D  svstsms  is  lsd  by  the  aim  to  approach  the  ideal  2D  systsm  and  hence  to  be 
able  to  examine  Its  intrinsic  propert.ss. 

Bnormous  improvements  in  r  have  been  aohleved  during  the  past  5  years.  A 
novel  doping  technique,  dubbed  modulation-doolna  (HD),  allows  generation  of  2D 
slectroa  systems  st  the  bstero- Juno t ion  between  two  III-?  semi oooduo tor  mater i- 
als.3  Different  from  the  traditional  Sl-HOSTET  where  the  eleotrons  reside  at 
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the  interface  between  a  crystalline  eemloooductor  and  a  glassy  oxida.  In 
aodu let loo-do pad  (M>)  ha te ro June t lone  tha  oarrlsrs  are  bound  to  a  lattioe- 
aatohed  inter faoe  between  two  crystalline  aaterlals.*  A  variety  of 

ZII-T  aaterials  including  their  taroary  sod  quaternary  alloys  which  allow  for  s 
vast  number  of  lattloe -matched  material  oomblnatlooa.  Itay  high-quality  2D 
electron  systems  oan  now  be  created  In  a  whole  olaaa  of  materials  Incompatible 
with  the  standard  MOS  technique.  Tha  high  quality  of  tha  crystalline  Inter  faoe 
and  the  high  degree  of  control  of  the  HBE  (molecular  beam  epitaxy)  growth 

process^  allowed  Increase  of  low-temperatuTS  electron  mobilities  In  MD 
OaAs-(A10a)As  interfaces  to  values  wall  beyond  I06om2/?seo.^’7  These  mobilities 
translate  Into  scattering  times  of  vt  5x10* 11  seo  and  a  naan  free  path  of  )>^a 

for  an  elaatlo  event  to  oocur.  MD- materials  had  considerable  Impact  not  only 

(U10 

on  experimental  2D  physios  but  also  on  today’s  transistor  technology. 

In  the  following,  I  will  briefly  review  modulation-doping,  focusing  on 
recent  progress  In  electron  mobilities.  Tha  aaoood  part  of  this  review 
describes  recent  experiments  on  2D  systems  in  MD  0aAa-(A10a)As  with  emphasis  on 
the  observation  of  fractional  quantisation  of  tha  Hall  effeot.  This  observa¬ 
tion  la  now  believed  to  be  evldeooe  for  the  existence  of  a  novel  oorrelated 
electronic  state. 

NOOTUTIOt  DO P  IPO  i  MATERIALS  AND  MOBILITIES 

In  modulation -do pad  heteroetruotures ,  tha  2D  electron  system  Is  created  via  KBE 
at  s  semi  conductor  lnterfeoe  by  doping  exclusively  tha  wi  de-gap  material  while 
the  neighboring  narrow-gap  material  is  kept  free  from  dopant,  (Flg.l)  At  the 
junction,  carriers  from  the  impurities  transfer  across  the  Interface,  thus  popu¬ 
lating  tha  low-lying  band  edge  states  of  the  narrow-gap  seal  oooduo  tor.  These 

carriers  fora  a  2D  sleotron  systsm  kept  at  tha  interface  by  tha  band -edge 
discontinuity  at  tha  he fee ro June t ion  and  by  tha  Coulomb  forces  of  their  ionised 
parent  impurities  so roes  tbs  interface.  Tbs  hetero Junction  separates  moblls 
oarrlsrs froa  the  strong  part  of  tha  scattering  potential  of  tha  ionised  donors. 
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reduction  in  phase-space  for  eoettering  to  ooour  wit  bout  having  to  lnoresse 


reducing  oonalderabLy  Um  scattering  rttt. 


Though  HD  ha*  now  boon  dam BBBtratsd  in  •  variety  of  III-F  naterl- 
*1*.  3» 10-12  0f  too  data  hov#  boon  accumulated  In  tho  GaAa- ( AlGa )As  aya tw 
on  which  ho  will  oonoontrato  fro*  now  on.  In  HD  Gala- ( AlGa ) Aa ,  Si  1*  tho  pre¬ 
ferred  n-type  dopant.  Areal  donaltia*  aro  fined  and  aatabliahod  during  growth. 
They  aro  determined  by  tho  doping  concentration,  tha  dlatributloo  or  dopant 
over  tho  etructupa,  tha  donor  binding  energy ,  tho  dlaoontinulty  botwoon  bond* 
(A1 -concentration  *)  and  tho  proximity  of  tho  aurfaco.  electron  donaltloa 


Si  achievable  in  (AlGa) A*  and  it*  z -dependent  binding  energy.  Typical  struc- 


gano rally  only  one  aubband  with  T-lndependent  2D  deoaltlaa  around  3-5*10 


raiaing  T  to  30<K . 

Fig.  2.  ahowa,  aa  an  example,  experimental  roaulta  of  tho  low-flald  nobil¬ 
ity  (p)  or  one  or  tho  boat  quality  Gala- ( AlGa )Aa  he tero Junctions 6  and  oanpares 
It  «ltl>  th.  Mobility  of  hljh-purlty  bulk  0mJU(  *«io'3o«‘3).  13  »bo».  T«6C*  fi  of 
both  aaaples  la  United  by  optloal  phonon  scattering.  Below  this  temperature, 
M  or  tha  bulk  snap  la  decays  rapidly  duo  to  ionlxed-lapurlty  aoattoring  while  p 


i.2I.  Botwoon  10K  and  50g,  tha  T -dependence  or  tha  ID  sanpla  la  vary  oloaoly 
described  by  a  T"1/2  law  stagnating  aoattoring  by  ploxo-olootrlo  ooupllng  to 
acoustic  phonons1*  to  ba  tha  donlnatlng  aoattoring  prooaas.  Below  1QK,  p  la 
flat  and  noat  likely  United  by  inpurlty  or  inter raoo  roughness  aoattoring.  It 
la  interesting  to  point  out  that  HD  notorial  with  a  density  equivalent  to  a  3D 


notorial  by  orders  of  aagnltude.  Mobilities  of  1017on-3  bulk  gala  hardly 
axoeeda  I04on?/Vaee  at  any  T.  Tha  anhanoanant  results  fron  tha  fact  that  ID 


simultaneously  tba  i 


’  of  soottora  in  i 


fom  of  lnpurltlaa.  Tha 


phasa-spoca  reduction  la  rosponalbla  for  tha  daoalty  depandanoe  of  tba  low-T 
15.16 

nobility.  VI  th  Increasing  density  an  Increasing  Femi -wave  vector  kp 
decreases  tha  effectiveness  of  a  scattering  prooaaa  of  given  we varactor  q. 
This  is  the  origin  of  tha  density  dependence  of  fi.  Enhanced  screening  of  the 
Ionised  Inpurity  potential  due  to  increased  electron  density ,  an  often  quoted 
sou roe  for  this  dependence,  la  of  such  less  lnportanos. 

Tha  onomoua  lnprovananta  In  nobility  that  have  bean  achieved  during  tha 
paat  years  are  noatly  due  to  two  faotsi  1)  Inproved  cleanliness  in  tha  MBS 
growth  process.  2)  Tha  Introduction  of  an  undoped  apaoer layer  between  dopant 
and  tha  2D  syatss,  aaa  Fig.  3- 17’ This  apaoer  layer  further  reduced  tha 
strength  of  the  Coulonb  potential  of  tha  ionised  Impurities  In  the  (AlGa) As  at 
the  site  of  noblla  carriers.  Ondoped  apaoer  layers  were  already  incorporated 
in  tha  first  iD-aanples.^  Syetenatic  studies  of  tha  nobility  dependence  on 

ape--  >r  layer  thickness  aaanad  to  reveal  an  unaxpeotad  opt  lnun  apaoer  layer  thick- 
1***°  The  azistenoe  of  anaptlnun  la  now  taideratood  to  result  fron  a  oon- 


Tbe  azistenoe  of  an  opt  lnun  la  i 


petition  betwi 


nobility  anhanoanant  due  to  an  increased  distance  between 


carriers  and  soatterera  and  nobility  raduotion  due  to  a  daoraaaa  in  oarrlar 
density  for  tha  thiok  apaoer  layers. 

In  concluding  tha  first  part  or  this  review,  wa  would  like  to  ai— rime 
that  aodul at ion -doping  of  semiconductor  beterostruotures  has  supplied  a  oaw  sat 
of  versatile  2D  eleotron  ayateae  with  nuoh  reduoed  low-T  a oat taring  rates  wall 
suited  to  further  investigate  the  fundamental  propertlaa  of  2D  also irons. 


BDVKL  PVTSICS  WITH  ID  HATVB1AL 


Tha  law  carrier  scattering  rata  in  ID  naterlal  and  tha  possibility  to 
a  took  a  large  number  of  swob  2D  systems  during  tha  growth  prooaas  (nultllayars) 
allowed  for  a  number  of  oovel  experiments  and  observation.  Tha  multllayer- 


allows  one  to  ereat#  a  degenerate  elj 


rrr 


system  oorreapcodlng  tc  an  enormous 


,  c 


advantage  as  wall  as  the  material  combination  QeA*-( AlGa )Aa  urns  instrumental 
for  •  mho la  aat  of  light  acat taring  experiments  which  allowed  probing  tha  pro- 
partiaa  or  2D  systems  optically  within  a  wavelength  regime  conveniently  acces¬ 
sible  to  dye-laaara  tachniquea .21  Subbend-level  schemes, 22,2^f  the  depolariza¬ 
tion  fiald  effect,2*  2D  plaamons2^  and  Landau  level  transitions26  can  now  be 

21 

studied  by  optical  mesne.  Thla  field  has  recently  been  reviewed. 

deHaa*-van^  Alphen  Hfrrt 

The  capability  of  stacking  uny  identical  layers  and  using, ?th*a  to  enhance  an 
otherwise  vanishing  signal  has  been  employed  to  observe  the  deHaas-van  Alphen 
( dHvA )  effect  in  a  2D  system27,2®  which  so  far  has  only  been  a  theoretical 
textbook  example,  see  Fig.  A.  4000  layers  of  2D  electrons  equivalent  to  an  ares 
of  240  ca*  *****  b**n  ®t*ck*d  10  Pro*ld*  s  magnetic  moment  sufficiently  large  to 
be  detected  by  a  ooMerclsl  SQtJID-syatem.  The  experimental  results  show  unam¬ 
biguously  the  oscillatory  variation  of  the  magnetic  moment  with  varying  mag¬ 
netic  field.  The  oecll 1st ions  which  are  due  to  quantisation  into  discrete  Lan- 
dsu  levels  have  the  same  period  In  1/B  as  the  wall  know  Shubnlkov-deHaas 
(SdH)  oscillations  taken  on  the  same  sample.  The  amplitude  of  the  oecl llationa 
is  considerably  less  than  expected  on  theoretical  grounds.  Xnhomogeneltles  in 
carrier  density  among  the  layers  which  constitute  the  specimen  are  a  likely 
source  of  amplitude  reduction.  With  the  advance  of  ME  and  by  improving  the 
experimental  technique  to  probe  the  magnetisation  of  a  Mailer  specimen  it 
should  be  possible  to  suppress  this  artifact  in  future  msesurements . 


exper Issues  oarmot  be  perturbed  by  long  lasting  eddy -current a  which  are  ima- 
voldable  In  2D  systems  In  the  regime  of  tha  sero- resistance  state. 

Quantized  Hal  1_  tj fact 

Shortly  after  the  observation  of  the  quantised  Sell  effect  (QHE)  in  a  31- 
NOSPET2*  the  aeae  quantisation  was  observed  in  tha  2D  electron  system  of  a  HD 
QaAs-(A10a)Aa  heteroatruoture, (see  Pig.  5) •  By  now  at  least  two  other  M>- 
systema  showed  this  quantum  effect.11,12  GaAa- (AlGa)Aa  hetero junctions  remain 
-he  preferred  material  combination  for  studies  of  these  kind.  Tha  small  cyclo¬ 
tron  mass  of  electrons  in  OaAs  (m"*0.066m.)  assures  a  large  Landau  level  split¬ 
ting  at  technologically  aasy  attainable  magnetic  fields  (80k0).  A  small  carrier 
mass  la  advantageous  1°  optimising  t^/kT  in  particular  since  there  exists  a 
lower  limit  on  the  electron  temperature  which  la  achievable  in  practice  in 
transport-measurements  on  2D  systems.  Tat  unclear  la  the  benefit  of  the  long 
scattering  time  v  to  the  width  of  the  Hall  plateaus.  Since  Mall  scattering 
rate  a  indicate  Mall  amounts  of  potential  fluctuations  and  since  tha  occurrence 
or  tha  QRK  is  Intimately  connected  with  the  existence  of  states  localised  due 
to  potential  fluctuations,  one  might  argue  that  large  scattering  rates  would  be 
beneflolal  to  the  width  of  tha  plateau.  Such  a  correlation  between  f  and  the 
plateau  width  aotually  has  been  found  In  Si-HOSFKT’s^1 but  haa  not  yet  been 
examined  in  HD  material .  Thla  laok  of  data  la  mostly  due  to  tha  fact  that  the 
e -density  in  lf>-Mt#rlal  la  difficult  to  oootrol  and  hsnee  comparison  between 


The  importance  of  the  observation  of  the  dHvA-effeot  In  2D  aysteM  lies  In 
the  fact  that  It  provide#  a  unique  tool  to  determine  the  shape  of  the  2D-  den¬ 
sity  of  states  (DOS)  in  a  magnetic  field.  While  magneto- transport  la  a  convo¬ 
lution  of  DOS  and  carrier  scattering  processes,  tha  dHvA-affaot  at  low-T  is 
solely  dependent  an  the  DOS.  Hence,  under  fevoreble  olrcuMtanoes,  the  DOS  can 
be  determined  directly  from  the  experimental  data.  Neasurement*  of  tha  mag¬ 
netic  moment  with  a  SQUID- system  are  of  particular  interest  since  such  d.o. 
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different  aanplea  la  unreliable  since  an  n-dep«ndence  can  obscure  a  r* 
dependence. 


Zero  Resistance  State 


At  the  field  poeltlon  ldiere  the  Hall  resistance  aaaiaes  Its  quantised 

value  (p  1*1,2...)  the  diagonal  resistivity  0  vanishes  as  T*0.  Heala- 

xy  xy 

tivltlea  as  Mall  as  pM  ■  5#10“7  q/o  (and  lndlreotly  l010R/c)2Rhave  been 

measured  et  1.2f^  (see  Pig.  6).  £1ftfjflnlte  conductivity  has  been  attrl- 


A  ■  a  , 

•' :  *•*»- • 
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buted  to  2D  variable  ran**  hopping  via  tha  localised  stataa  in  the  tails  of  tha 
Landau  lava  la.  Taaparatura  dependences  of  <rD  of  exp-(To/T)  1/3  33  oharaoterls- 

tlo  for  2D  variable  range  hopping  In  tha  abaanoa  of  a  Magnetic  field  aa  nail  aa 
1/23«*35 

°xx  °*  (in  agrsvint  with  a  recant  theory  seaming  Oauaslan 

looallsatlon  of  tha  atataa  induced  by  tha  aagoetic  field)  have  bean  found 
experimentally  in  HD  a»Ae-(llG* )As  hatoroatruoturea.  The  experiments  indicat¬ 
ing  a  T~1/2-dependenoe  alao  produoe  the  correct  exponent  for  the  temperature 
dependent  prefactor.  however,  the  density  of  localised  stataa  at  I_  derived 
fron  its  Magnitude  la  isiphyaloally  large. 3*  The  dlaorepenclea  between  the  dif¬ 
ferent  experimental  reaulte  aa  wall  aa  those  between  experiments  and  theory  are 
yet  to  be  rasolved. 

fractional  Quantisation  of  tha  Hall  Effect 

A  rooent  observation  of  plateaus  In  the  Hall  resistance  and  alaultane- 
oualy  vanishing  resistivity  at  fractional  occupation  of  the  lower  spin- 

state  of  the  lowest  Landau- level  (see  Pig.  7  )36  has  lnduoed  a  oonalder- 
able  xnoiait  of  speculation  about  the  origin  of  this  phenomena.  While  quantisa¬ 
tion  of  and  simultaneously  vanish  In*  of  are  expected  to  occiit  onlv  *t 

Integral  values  of  filling  factor3^,  (A^.uhere  the  ferml  energy  Ep  resides 
within  tha  region  of  localised  states  between  Landau  or  spin  levels,  both 
phenomena  have  now  been  observed  at  fractional  values  of  (/.  This  quantisation 
ooours  at  aharsoterlstl o  temperature*  much  lower  than  the  temperatures  neoes- 
eary  for  the  oheervetlon  of  quantisation  at  Integral  values  of  (/.  In  low- 
denalty,  high -mobility  (>105  aa^/Vsec)  Oats- (tide )Aa  he ta roe true t urea  minima  in 
pn  have  been  observed  at  values  close  to  </■  l/3»  2/3,  i/3  and  9/3*  (/*2/5,  3/5 
and  A/5  and  (/s2/7»  and  piataaus  ware  clearly  identified  in  the  vicinity  of 
IM/],  2/3  -I  I/?3*  (m.  21*.  »).  Thm  rtutlra  Mraactli  of  itratn  u 
and  la  aneiogouste  their  relative  strength  1m  the  Mormel  quantised  Rail 

effect.  At  the  position  of  the  plateaus  aroad  (/*1/3  end  2/3  the  Mall  resis¬ 
tance  mi  fomnd  to  be  quMMtisad  to  P  •  — ~  to  better  then  1  port  In  10*  59 

,/J* 


■nd  |a  .  — S--  to  bettor  than  3  perte  in  10*  *°,  respectively.  At  other 
**  2/3ez 

values  of  (/  where  »1"<—  are  observed  In  starts  to  develop  plateaus. 

Generalising  the  experimental  results*  on#  oan  speculate  that  fractional 
quantisation  exists  for  (/  •  1/q  (q  a  3*5*7...)  and  all  their  multiples  </  >  p/q. 
Its  strength  increases  with  increasing  B  and  decreases  aa  q  Inc res sea.  At 
fixed  B*  the  strength  la  Independent  of  p.  fractional  quantisation  at  oven 
Inverse  filling  factors  la  either  completely  absent  or  occurs  at  T  lower  than 
of  their  odd  counterparts.  Experiments  at  still  lower  T  are  in  preparation  to 
examine  these  speculations . 


While  the  existence  of  the  nomal  quantised  Ball  effeot  in  a  result  of  the 
gape  In  the  al^le  particle  density  of  states  of  a  2D  system  la  a  high  magnetic 
field  and  the  exletenoe  of  localised  stataa  within  those  gap  regions  37,  frac¬ 
tional  quantisation  of  tha  Rail  effect  cannot  be  u»deratood  on  this  basis.  The 
existence  of  a  new  kind  of  gaps  at  motional  values  of  (/  oaueed  by  the  conden¬ 
sation  of  tha  2D  oarriers  into  a  coherent  many  particle  state  with  a  finite  gxp 
in  its  excitation  speotnu  has  bean  postulated  to  be  the  origin  of  the  experi¬ 
mental  observation.  Beoent  analytical  calculations*1 '  *Z  and  aunsrloal  simula¬ 
tions*3  lndloate  that  tha  many  partlole  ground  state  responsible  for  fractional 
quantisation  of  the  Rail  effeot  la  m  laoonpreaalble  electron  Uqald  uhleh 
exists  exclusively  at  rational  motion  of  (/.  Initial  thnorotloal  work  oon- 
oiuded  the  state  exists  only  at  Vr,  q  ■  3*5*7...  and  with  tha  prxnoai  of 

q 

electron-hole  ejnalry  also  at  (/vl-^.*1  Nora  raoant  studies*  activated  by  the 
observation  of  a  nuofa  wider  varlmty  of  rational  motions*  seen  to  be  able  to 
aooount  for  all  motion  with  odd  lntogsrs  or  oven  all  Integers  as  tha  demon! - 
Mtor.****7  It  ttU  tlM  tM  «HHa— tal  dn.  or.  lot  fW  nffulnt  to  t. 
oonparsd  with  any  of  tha  predictions  baaed  an  one  or  the  other  theoretlosl 
model. 


finally*  we  call  attention  to  the  fhet  that  all  the  data  on  motional 
quantisation  warm  taken  fron  samples  with  high  nobilities,  indicating  a  low 
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d*«r«e  of  potential  fluctuation  at  tha  poe 1 t Ion  of  the  20  ay a tan.  Samples  of 

lower  mobilities  ahow  no  indications  of  fractional  quantisation  at  any  nonin¬ 
teger  value  f  (/.  Insteed,  auoh  samples  develop  extremely  Mlda  plateaus  In 
and  aids  i*ro-reslstance  minima  in  at  integral  O',  auppraaalng  any  addi¬ 
tional  atructura.  Ha  ooncluda  from  tills  observation  that  tha  Integral  quantum 
Rail  effect  and  tha  fractional  quantum  Hall  affect  are  vary  different  In  origin 
and  actually  are  competing  with  one  another. 

20  Hole  Systran 

In  he  final  section,  1  would  Ilka  to  present  a  new  2D  system  with  large 
potential  for  interesting  future  Investigations.  It  aonslats  of  a  modulation- 
doped  2D  hole  gas  generated  in  oomplete  analogy  to  the  2D  electron  gas  at  the 
Interface  of  a  0eAs-(A10a )As  heterostructure.  Though  this  systsm  has  been 

Introduced  earlier*8,  ooly  recently  could  lte  carrier  mobilities  be  Improved  to 
be  equivalent  to  those  of  similar  2D  electron  system.6  Mobilities  of  more  than 
50,000  om2 name  have  been  demonstrated  by  now.  Considering  the  difference  In 
oarrler  mass  between  electrons  and  holes  (roughly  a  factor  of  6),  scattering 
times  in  2D  boles  are  now  equal  to  scattering  tinea  of  the  beat  It)  2D  aleotron 
systems.  Pig.  9  shows  the  T-dependenoe  of  p  of  a  2D  hole  system*9  combined 
with  data  on  the  T-dependeaee  of  the  beat  high- purity  p-type  bulk  OaJU  pub- 
50 

llshed  in  the  literature.  Again,  as  in  the  oaee  of  the  2D  eleotrona.fi  of 
the  2D  holes  follows  the  data  of  the  high- purity  bulk  material  down  to  -40C  and 
finally  exceeds  its  values  for  tha  lowest  T  measured.  Comparison  with  Pig.  2 
suggests  that  the  quality  of  the  2d  hole  system  oan  bo  further  improved.  The 
character la ties  or  the  T-d span demos  of  p  in  2D  ho las  are  similar  to  those  of  2D 
elootrena.  however,  in  the  Intermediate  T-regloo  the  influence  of  scattering 
via  aoouatlc  phonon  seems  to  be  auoh  more  pronounced  than  in  2D  electrons.  At 
tha  lowest  temperatures,  fi  of  both  systems  becomes  T- Independent,  indicating 
similar  p- limiting  processes  to  be  present. 


While  the  mobility  behavior  is  rather  similar  for  2D  electrons  and  2D 
holes,  their  subband  structure  is  very  different  from  one  another  due  to  the 
existence  of  light  and  heavy  masses  in  the  valence  band  and  due  to  the  strong 
anisotropies  of  their  dispersion  relation.  In  spits  of  all  these  complication, 
tha  quantised  Ball  effect51  and  even  fractional  quantisation^  has  been 
observed  in  auoh  a  system  (see  Pig.  10),  indicating  convincingly  that  the  exis¬ 
tence  of  the  phenomena  la  independent  of  the  details  of  the  band  structure. 
The  observation  of  fractional  quantisation  In  a  bole  samples  with  mobilities  sa 
low  as  20,000  om^/Tseo  shows  clearly  that  the  scattering  time  r  and  not  the 
mobility  p  la  the  Important  parameter  deciding  If  this  phenomenon  oan  be 
observed  In  a  given  material. 

Of  particular  Interest  is  the  effect  of  the  Interface  on  the  electric  sub¬ 
band  structure  of  the  2D  holes.  It  baa  boon  postulated  that  the  laok  of  Inver¬ 
sion  sywetry  due  to  the  exist  noe  of  strong  interfacial  electric  fields 
would  lift  the  epln  degeneracy  of  the  bound  states. 52'53  Such  a  lifting  of  the 
degeneracy  has  reoontly  been  observed  in  2D  holes51  and  alao  in  2D  electrons. 5* 
In  the  oaee  of  2D  holes,  its  effect  on  the  subband  structure  la  considerable . 
The  splitting  of  the  degeneracy  actually  leads  to  the  observation  of  two  dif¬ 
ferent  hole  masses  Which  both  seem  to  derive  from  the  heavy  bole  band,  though  a 
simple  model  would  lead  to  a  light  ln-plane  mass  of  tha  lowest  bound  state.  As 
expected  from  theory,  both  subbands  are  found  to  be  degenerate  at  k«0.  With 
tha  possibility  of  tiailng  tha  In ter  facial  alectrlo  field  by  a  gate  this  split¬ 
ting  will  allow  to  vary  the  oarrler  mass  of  a  2D  system  by  simple  external 
moans.  At  this  time  detailed  theoretical  calculations  on  the  subhead  struc¬ 
ture,  dispersion  and  anisotropies  of  2D  holes  are  very  desirable  to  isideratand 
the  apootrum  of  now  results. 
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of  a  modular  ion -doped  GaA*-(AlGa)A* 

hetero junction,  Ep  Is  the  Fermi  energy.  Fig.  2. Comparison  of  the  T-depend- 
Egj  are  the  handgap  energies.  ence  of  the  mobility  between  a  mod¬ 

ulation-doped  G*A*-(AlGa)A*  hetero- 
structure(ref . 1 3) and  high-purity 
bulk  GaAs  (Aref.6). 
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Fig.  3.T-dep*ndence  of  the  mobility  of 
3  module t ion-doped  sample*  with  dif¬ 
ferent  width  (dj)  of  the  undoped 
(AlCa)Aa  apacer  layer.  The  mobility 
Improve*  with  Increasing  separation  of 
carrier  from  ionlred  Impurities.  ln*et 
shows  the  shape  of  the  Hall  bridge (ref 


Fig. 5.  The  quantised  Hall  effect  in  a 
MD  GaAs- (AlGa)As  heterojvinc t Ion 
(ref. 30). 


Fig.*.  Experimental  result  on  the 
dHvA-effect  in  s  2D  electron  sys¬ 
tem  of  4,000  stacked  layers,  u  Is 
the  magnetic  moment  and  V  le  the 
susceptibility .  SdH  denotes 
Shubnlkov-deHaaa  data(ref .27) . 


Fig. 6.  Diagonal  realativity  cn 
In  the  vicinity  of  8. AT  of  Fig. 9 
at  W.23K.  Nonl  lnear ltles  cause 
slightly  different  reeults  for  3 
different  applied  voltages. (ref . 31 ) . 
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Fig. 7.  fXy  as  a  function  of  magnetic  field 
at  3  different  temperatures.  A  plateau  with 
pxy  "  T7T*2  «t  v  -  i  la  clearly  developed. 
At  v  *  |  a  second  plateau  appears. (ref .39) . 


Fig.  10.  Quantised  Hall  effect  in  a  2D 
hole  eyetea  at  1M).5K.  Lower  part  above 
a  Landau  fan  and  the  Fermi  level  position 
using  the  experimental  cyclotron  maaees. 
(ref. 51) 
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Fig.  8.  pn  and  Pxy  data  on  four 
different  aemplea  at  T^-0.5K. 
Magnetic  fields  have  been  scal¬ 
ed  to  fit  a  common  filling  fac¬ 
tor  scale(top).  Minima  and  pla- 
teaus  are  developed  close  to  a 
number  of  rational  fractions  of 
v. (ref. 38). 


Fig.  9.  T-depcndence  of  tha 
mobility  of  a  2D  hole  system 
Open  symbols  are  bulk  data 
from  ref.  *9. 
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THEORY  OF  THE  QUANTIZED  HALL  EFFECT 
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Seat  tie,  HA  90195,  USA 


Abstract  A  review  la  given  of  the  current  state  of  the  theory  of 
the  quantum  Hall  effect.  The  Integer  values  of  the  Hall  conductance 
seen  in  systems  with  moderate  disorder  and  predicted  for  ay a tea ■» 
with  periodic  aodulatlon  are  fairly  well  understood.  Charge  density 
wave  and  Fermi  liquid  theories  of  the  fractional  quantization 
observed  In  systems  with  low  disorder  are  briefly  described. 


1 .  Integer  Quantization 

The  discovery  by  von  Klitzlng,  Dorda  and  Pepper[1]  that  the  Hall 
conductance  of  a  two-dlaanslonal  eleotron  ayatea  oan  be,  with  very 
high  precision,  an  Integer  multiple  of  eVh  was  a  triumph  of 
experimental  physics.  In  moat  comparable  cases,  such  as  the 
quantization  of  flux  in  superconductivity  or  the  quantization  of 
circulation  for  auperfluld  helium,  there  have  been  previous 
theoretical  suggestions  of  the  existence  of  the  effect,  even  If 
there  were  unexpected  features  In  the  experimental  result.  In  this 
case  there  waa  no  more  than  approximate  quantization  suggaeted[2l , 
and  so  there  wae  no  reason  for  the  experimental late  to  examine  the 
transverae  voltage  In  their  devloe  with  the  precision  which  they 
used. 

Once  the  discovery  had  been  made  we  theorists  rushed  in  to  show 
why  the  result  bed  been  obvious  all  the  time.  There  were  a  large 
niaber  of  papers,  of  which  I  list  only  a  few  L3-^l,  which  used  bulk 
perturbative  arguments  to  show  that  the  disorder  In  the  substrate 
potential  gave  no  correction  to  the  simple  quantized  result  which 
can  be  obtained  from  full  Landau  levels  In  an  Ideal  two-dimensional 
system  with  no  disorder.  These  arguments  are  sufficient  to  show 
that  corrections  due  to  disorder  or  electroa-aleotron  interactions 
vanish  to  all  orders  In  perturbation  theory.  Cne  such  argument  says 
that  the  Lorentz  transformation  allows  ua  to  move  to  e  frame  of 
referenom  moving  with  velocity  -E/B,  in  which  there  la  no  electric 
field,  end  in  this  frame  the  eubetrate  potential  makes  a  local 
perturbation  of  the  electron  density,  but  dose  not  carry  any 
electron  charge  with  it  when  the  Fermi  energy  Ilea  In  a  gap  because 
the  perturbation  of  tha  electron  density  falls  off  exponentially 
with  distance  from  the  perturbing  potential.  In  this  frame  the 
current  is  entirely  carried  by  the  positively  charged  substrate  ( in 
an  n  type  layer)  moving  with  velocity  E/B.  These  arguments  also 
show  that  local ixed  states,  even  if  they  are  shifted  tr<m  the 
unperturbed  Landau  level  enough  to  pass  through  the  Fermi  surface, 
do  not  affect  the  quantization  and  do  not  change  the  value  of  the 
quantised  current. 

A  more  profound  approeoh  to  the  problem  waa  introduced  by 
Laughlin[7].  He  used  gauge  Invar la noe  to  ahem  that,  for  a  system 
with  tha  topology  of  an  annulus,  a  change  In  the  flux  threading  the 
annul ue  by  an  Integer  amount  would  lead  to  the  transfer  of  an 
lntager  number  of  electrvfle  from  one  edge  to  the  other.  Slnoe  the 
change  In  flux,  by  Faraday's  law,  la  glvsn  by  the  time  integral  of 
the  EMF,  and  tha  tranaf ar  of  charge  la  given  by  tha  time  Integral  of 
tha  currant,  it  follows  that  tha  ratio  of  currant  in  one  direction 
to  voltage  In  the  perpendicular  direction  is  an  lntager  multiple  of 
e  divided  by  the  quantum  or  flux.  This  powerful  argument  hae  tha 
great  advantage  that  It  can  be  applied  in  elrctawtaooea  In  which  the 
perturbative  argiaente  ere  not  applicable,  such  as,  for  example, 
when  a  Landau  level  la  split  into  aub-bende  by  a  periodic  potential; 
In  this  oase,  as  I  shall  discuss  In  tha  next  section,  each  sub-bend 
must  carry  a  multiple  of  tha  quantised  cwrent  carried  by  the  entire 
level.  It  has  the  disadvantage  that  it  makes  tha  Hall  currant 
appear  to  be  an  edge  affect,  and  therefore  possibly  sensitive  to 
boundary  conditions,  while  the  perturbative  ergisente  make  It  clear 
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that  It  la  a  bulk  afreet.  One  knows,  however,  that  two-d iaenslonal 
bulk  effects  and  edge  effects  can  be  related  by  ucee  version  of 
Stokes'  theorem. 

All  these  arguments  assume  that  the  electric  field  is  weak.  In 
the  perturbative  arguments  the  response  linear  In  the  electric  field 
Is  calculated,  while  In  Laughlln'a  argument  it  Is  assumed  that  the 
rate  of  change  of  the  vector  potential  is  alow  enough  that  tha 
electrons  can  follow  it  adiabetlceily.  In  a  strong  field  we  can  be 
sure  that  the  quantization  is  not  exact,  since  there  will  be  e 
tunnelling  current  parallel  to  the  electric  field  due  to  electrons 
tunnelling  from  a  full  Landau  level  to  en  eapty  one,  and  this 
longitudinal  current  oust  in  turn  affect  the  transverse  current. 

Such  corrections  must  depend  exponentially  on  the  Inverse  of  the 
field  strength,  so  it  is  reasonable  to  ask  if  there  are  any 
corrections  which  are  algebraic  In  the  field  etrengtb.  It  aeems 
likely,  both  froa  the  precision  of  the  experimental  results  and  on 
theoretical  grounds,  that  there  are  no  auch  algebraic  teres,  but  r 
do  not  know  of  «ny  general  proof  of  this  result. 

It  is  generally  thought  that  In  tha  absence  of  a  sagnetlc  field 
all  states  in  a  two-d leensional  disordered  system  are  localized 
I  8- 1 0 J .  The  existence  of  the  quantum  Hall  effect  shows  that  this  is 
not  the  case  In  the  presence  of  a  magnetic  field,  since  some 
nonlocal ixed  states  are  needed  to  carry  the  Hall  current.  The 
question  naturally  arises  whether  in  the  presence  or  disorder  the 
Landau  level  la  broadened  into  a  band  whose  tail  states  are 
localized  but  whose  central  region  consists  of  extended  states,  as 
some  maer  leal  calculations  have  auggested[1 1],  or  if  all  the 
current  la  carried  at  some  singular  energy,  as  a  simple 
semlclasslcsl  argument  suggests! 12, 13) .  If  tha  potential  varies 
slowly  over  a  magnetic  length,  the  eleotrons  should  be  confined  to 
constant  energy  curves  on  the  potential  surface.  Tor  a  random 
potential  these  curves  will  either  be  electron- like,  surrounding  a 
minimum,  or  hole-1 Ike,  surrounding  a  maximum.  It  Is  only  st  the 
singular  energy  dividing  the  two  that  there  oen  be  an  open  orbit 
capable  of  oarrying  a  currant.  In  the  presence  of  an  electric  field 
this  open  orbit  la  broadened  into  a  band  of  open  orbits  whose  width 
depends  on  the  field  strength.  In  thia  model,  whloh  seams  to  give  a 
fairly  good  account  of  the  experimental  situation,  tha  steps  between 
Hall  plateaus,  and  tha  corresponding  regions  of  nonzero  longitudinal 
resistance,  should  get  sharper  and  sharper  aa  the  electric  field 
strength  la  reduced.  The  problem  of  the  existence  of  extended 
states  In  tha  presence  of  a  magnetic  field  has  recently  been 
discussed  on  the  basis  of  the  nonlinear  sigma  model! 1  A],  but  the 
question  of  whether  tha  extended  ate tea  form  a  brood  bend  or  lie  at 
a  singular  energy  la  a*  111  open. 


2.  Periodic  Potentials 

It  baa  already  bean  mentioned  that  a  periodic  modulation  of  tha 
substrate  breaks  the  degeneracy  of  tha  Landau  level  In  tha  Ideal 
system  and  breaks  it  up  into  a  set  of  sub-bands  asperated  by  gape. 
The  maber  of  sub-bands  produced  is  p,  where  the  nimber  of  flux 
quanta  par  unit  call  la  p/q,  ao  tha  structure  of  the  energy  bands  is 
highly  sensitive  to  whether  the  niober  of  flux  quanta  per  unit  cell 
Is  rational  or  irrational.  This  oan  be  seen  moat  clearly  In  tha 
energy  level  diagrams  calculated  for  p  up  to  about  50  by  Hofatadter 
[15]  for  a  modulation  with  square  ay  ms  try,  and  by  Claro  and 
Wannler[l6]  for  a  modulation  with  hexagonal  symmetry.  The  quantum 
number  associated  with  the  Hall  ourrent  gives  a  useful  way  or 
classifying  tha  energy  gape  in  this  sort  of  diagram,  and  tha  study 
of  periodic  modulations  aheds  acme  light  on  the  problem  of  a  random 
substrate.  There  are  not  yet  any  experiments  to  which  this  theory 
la  applicable,  but  it  la  likely  that  same  experiments  on  two- 
dimensional  ly  modulated  layers  will  be  done  soon. 

Studies  of  this  problem  have  been  made  by  various  authors 
[17*19].  No  found  that  from  tha  Blooh  wave  function  'p^^the  Hall 

conductance  of  a  sub-bend  la  given  by  the  Integral  over  the 
Brillouln  zone 

This  la  a  topological  invariant  which  oan  be  shown  to  be  an  integer 
by  ualng  Stokes'  theorem  to  reduce  it  to  an  integral  round  tha 
perimeter  of  the  Brillouln  zone,  end  then  the  periodicity  of  the 
Hamiltonian  In  tha  Brillouln  zona  oan  then  be  used  to  show  that  the 
integrand  la  Just  the  derivative  of  a  phase  round  the  perimeter.  A 
nonzero  value  of  the  Hall  current  implies  that  the  wave  function 
cannot  be  written  aa  a  continuous  single  valued  function  satisfying 
periodic  boundary  conditions  in  the  unit  cell,  and  thsrefora  well- 
behaved  Vannler  functions  do  not  exist  for  a  sub-band  with  nonzero 
Hall  ourrent.  Ve  derived,  with  some  difficulty,  the  general 
relation 

pt*qs*r  (2.2) 

for  tha  Hall  currant  t  in  the  (r-l)th  gap;  all  thaaa  quantities  are 
Integers.  Thia  la  equivalent  to  Streda'a[l8]  expression 

te/h-dn/dB,  (2.3) 

where  n  is  the  electron  density.  For  an  inoommensurate  flux 
density,  for  whloh  p/q  would  have  to  be  replaced  by  an  irrational 
maber,  the  equation  equivalent  to  2.2  has  a  unique  solution,  but 
for  a  rational  flux  density  thia  equation  obvloualy  givaa  a  value  of 
t  which  la  only  determined  modulo  q.  For  the  modulation  with  simple 
rectangular  ay  ms  try  me  argued  that  a  should  be  as  small  as 
possible,  and  this  determines  the  solution  uniquely,  and  apparently 
correctly.  In  the  oaae  of  a  modulation  with  hexagonal  ay  ms  try , 
with  its  minima  at  points  o  f  sixfold  aye  try,  there  is  an 
additional  restriction  that  a  and  t  cannot  both  be  odd.  It  turns 
out,  however,  that  a  does  not  always  have  the  loveat  possible 
magnitude,  aa  oan  be  amen  from  an  lnapmotlon  of  the  energy  level 
diagram  In  Claro  and  Vannlar(l6] .  The  gap  for  p»5»q«i,r«A  clearly 
corresponds  to  t»0,s*A,  not  to  t«1,aa-1,  for  example. 
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It.  «ti  Indirect  fashion  this  model  can  shod  acme  light  on  lha 
iocd  that  in  a  random  potsntlal  th#  Hall  currant  ia  all  oarrlsd  at 
or. a  singular  energy.  A  slowly  varying  potential  Is  ona  In  which  p 
is  au.-t  larger  than  q.  For  q«1  it  Is  certainly  true  that  t  la  taro 
Leluw  the  canter  of  the  Landau  level  and  unity  above  the  center,  for 
ir.e  square  lattice,  so  that  all  the  Hall  current  la  carried  by  the 
central  sub-band  or  pair  of  sub-bends.  If  q  la  larger  than  unity 
vtfwti  of  tt>e  sub-bands  carries  a  nonzero  current,  but  It  la  atlll 
true  that  the  sub-bends  fall  Into  approximately  p/q  groups,  with 
a*..n  group  other  than  the  central  group  carrying  no  total  Hall 
current.  The  energy  gaps  within  groups  are  very  small  compared  with 
the  energy  gaps  between  groups.  For  eore  rapid  modulations,  ao  that 
p  end  q  are  of  comparable  magnitude,  the  Hall  ourrent  varies  In  s 
rather  exotic  earner  from  gap  to  gap.  It  la  generally  true  that  tha 
larger  gaps  correspond  to  smaller  Hall  ourrents,  but  there  is  no 
obvious  sign  that  the  current  la  carried  in  one  particular  part  of 
the  apectrua. 


j.  Fractional  quantization 

The  discovery  of  fractional  qoantlxatlon[20]  served  to  undermine 
the  complacency  of  theorists  even  further.  Recent  work  seems  to 
show  clearly  that  the  Hall  conductance  of  high  mobility  Inversion 
.<<yers  at  very  low  temperatures  Is  precisely  1/3(21],  and  oan  probably 
be  ether  exact  rractiona,  of  *Vh{22?.  So  clean  an  expmrlmaatal 
result  demands  a  clear  theoretical  explanation,  and  premises  to  lmad 
to  a  lot  of  new  and  unexpected  physics,  but,  In  my  opinion,  there  la 
so  far  no  theory  which  matones  the  elegance  of  the  experimental 
results. 

There  ere  a  few  things  that  are  generally  agreed.  In  the  first 
place,  since  the  Integer  Hall  quantization  la  observed  in  lower 
eoblllty  devices  and  the  fractional  effect  is  observed  in  vary  high 
nobility  devices,  end  since  integer  quantization  appears  to  bm  an 
almost  Inevitable  consequence  of  a  theory  of  non In torso ting 
el*,  irons  in  a  weak  substrate  potential,  it  seems  reasonable  to 
suppose  that  fractional  quantisation  Is  a  result  of  the  dominance  or 
electron-electron  interactions  over  the  effects  due  to  disorder.  It 
is  a  natural  extension  of  this  observation  that  a  modal  In  which  the 
degeneracy  of  the  Landau  levels  Is  broken  by  thm  Coulomb  Interaction 
tatween  electrons,  but  the  substrate  potential  and  transitions  to 
other  Landau  levels  are  Ignored,  should  be  sufficient  to  show 
f ract  10 rtal  quantization.  It  la  also  clear  that  any  mechanism  which 
makes  rational  fraction  occupation  of  the  Landau  level  energetically 
favorable  will  go  a  long  way  towards  explaining  fractional 
quantisation.  The  argument  from  tha  Lorentz  transformation  shows 
that,  provided  the  electrons  are  not  locked  to  the  eubatrate,  4  one 
third  full  Landau  level  will  carry  ona  third  of  a  quanta  of  Hall 
current.  Equation  2.3  Also  shown  that  If  tha  occupancy  of  the 
Landau  level  Is  what  delsrmlnaa  tha  anargy,  then  It  will  also  give 
an  appropriate  fractional  Hall  currant. 


Two  typea  or  thaorlaa  which  are  in  accord  with  the  principles 
outlined  in  the  previous  paragraph  have  bean  studlad.  Thara  are 
modal  a  In  which  thara  la  acme  sort  of  charge  density  wave,  sod  those 
In  which  there  Is  do  charge  density  wave.  It  Is  natural  to  expact  a 
charge  density  wave  in  such  e  system,  slnoe  et  very  high  magnetic 
fields  or  very  low  electron  densities  the  system  behaves  classically 
and  forma  a  hexagonal  1st  tics.  JosMoka  and  Fukuyama!  23 1  and 
Voahioka  and  Lee! 2k]  arm  amory  thm  many  authors  who  havm  studlad 
this  problem  rmemntly.  Thar#  are  two  major  dlfflcultlas  with  this 
approach,  however.  The  first  la  that  a  oharge  danalty  wmva  la 
likely  to  bm  pinned  by  substrata  lnhomogmneltlma,  as  It  la  In  othmr 
systems,  and  should  requlrm  seme  minimum  mlectrlc  flald  to  fram  It 
from  tha  substrate[25] •  Tha  amcond  la  that  thara  does  not  seam  to 
be  any  particular  stability  associated  with  simple  fractional 
occupation  of  the  Landau  lsval,  or,  equlvalantly,  with  tha 
oommenaurabll lty  of  tha  alaotron  lattloe  and  tha  flux  quantum.  It 
can  be  seen  why  this  ia  from  the  type  of  energy  band  diagram  shown 
in  Claro  and  Vannler(l6].  If  there  le  one  electron  per  unit  cell 
tbe  Porml  energy  lies  in  a  gap  that  extanda  from  the  bottom  left  to 
the  top  right  of  the  dlagrem,  and  It  la  eaay  to  show  that  If  tha 
Feral  energy  le  In  a  gap  the  energy  la  en  analytic  function  of  the 
magnetic  field,  and  ao  thare  can  bm  no  oommenaurat Ion  anargy  in  a 
mean  field  theory.  There  ere  gaps  that  does  at  simple  rational 
valuaa  of  tha  fluk  density,  but  it  la  hard  to  see  bow  thaae  oould 
load  to  anough  atabla  fractional  occupations  to  explain  the  observed 
result a,  or  how  pinning  could  bm  avoided  wltb  such  a  mechanism. 

k  rather  different  version  of  the  oharge  density  wave  mechanism 
has  bean  proposed  by  Haldmne[2M.  In  this  modal  thm  lmttiom  la 
looked  to  oommeneurate  valuaa  by  the  rmduoed  energy  of  defects  such 
as  vacancies  and  Interatltlala  which  occurs  when  tbe  lattloe  epeclng 
la  commensurate  with  the  flux.  The  lattice  la  rigid,  and  free  to 
carry  tha  Nall  ourrent  by  sliding  over  the  eubatrate,  and  it  le  only 
the  defeote  that  get  pinned  to  the  substrate. 

Yoahioka,  Kalperln  and  lee!27]  have  carried  out  a  omloulatloo 
for  up  to  six  electrons  In  a  single  Landau  level  whose  degeneracy  la 
broken  by  tha  Coulomb  interaction.  They  found  some  signs  of  the  1/3 
quantization  even  in  such  e  email  system,  but  no  oharge  density 
wave. 

The  theory  of  Laugfal In! 20}  does  not  Jovolve  e  oharge  density 
wave.  In  this  theory  the  wave  function  for  the  lowest  Landau  level 
ia  written  In  the  form 

f"j |  {s  -sfc)^exp(-r|*J  /*£V)  ,  (3*D 

t</  1 

where  s»x-ly  and  p  la  odd,  so  that  the  level  has  e  1/p  occupation. 
This  gives  e  specially  low  energy  for  oommeneurste  oooupetlon,  but 
baa  no  variations  In  oharge  danalty  to  provide  a  pinning  mechanism, 
ao  it  should  give  a  1/p  Hall  quantisation.  It  la  not  Immediately 
obvious  how  this  oan  be  generalised  to  give  fractional  occupation 
with  da nomine tor  greater  than  unity,  but  Anderson! 29]  has  shown  how 
this  oan  be  done.  The  state  described  by  eq.  3-1  has  a  broken 
aymeetry,  end  there  are  ^1  equivalent  statea  that  oan  be  generated 
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frtm  ibis  slats  t>y  gauge  tran&f oreations.  States  with  fractional 
teiupaUon  q/p  can  be  produced  by  taking  the  product  of  q  of  these 
e  ,i.l  valent  slates. 

.Jur  ««n  approach  to  this  problem!  30, 3 1 )  has  same  features  in 
*  ^•‘ir  with  the  work  of  L*ughl  in(2d j ,  although  our  approach  is  quits 
different.  He  haw*  tried  to  use  conventional  eany-body  techniques 
t.  j*«:  with  this  problea  in  which  the  coapleta  degeneracy  of  the 
Pei  tie. iy  occupied  Landau  level  Is  broken  by  the  Coulomb 
lt.t  ei'e..  t  K-r. .  Tne  difficulty  in  ooepsrison  with  the  more  usual  sort 
.1  i; .«jorjr  is  that  the  splitting  between  the  energy  levels  is  Itself 
produ.ec  oy  the  perturbation,  ao  there  is  no  variable  parameter  that 
gives  the  ratio  of  the  perturbation  to  the  unperturbed  energy 
•ei.v*  n.at  >ra .  On  the  other  hand  there  is  *  high  degree  of  ay  erne  try 
tf.*t  c«i  be  eiplulted  to  slaplify  cal culationa.  In  our  work  so  fer 
w«  he«e  used  the  Landau  gauge,  but  the  ayamelrlc  gauge  could  be  used 
without  it  awning  any  essential  dlffsranca,  and  lo  that  gauge  it  la 
aasiei  to  compare  our  results  with  Laughlln's.  We  assiae  that  thera 
la  sues  suitable  unperturbed  ground  state  in  which  some  fraction  of 
the  une- particle  states  in  the  Landau  level  are  occupied  and  the 
teal  .re  unoccupied.  We  then  use  maoy-body  techniques  to  calculate 
the  «. f- energies  of  the  various  one-particle  states.  If  the 
Ov...  upied  at w tan  are  chosen  in  a  regular  aanoer,  so  that,  for 
eteapie,  one  state  is  occupied  and  the  next  p-1  states  era 

upled  through  the  whole  array  of  one-particle  states  allowed  by 
tr.m  boundary  conditions,  we  find  an  energy  gap  between  the  hole  and 
tha  particle  states  which  stabilizes  the  1/p  occupation  sod  .. n 
enhanced  correlation  energy.  This,  like  Laughlln's  state,  h«a  a 
broker  syaaetry  with  p  equivalent  ground  statas.  Unfortunately  in 
the  present  state  of  the  theory  we  find  even  denominators  as  wall  as 
tn«  odd  denominators  found  both  by  the  experimentalists  and  by 
Lough. tin.  T«o(31j  has  general ixed  tha  work  to  cases  in  which  the 
oer.ua tor  is  greater  than  unity.  If  the  techniques  of  aany-body 
theory  .an  be  adapted  successfully  to  deal  with  thla  problem  it  will 
be  s-v-h  easier  to  ualoulate  the  affects  of  disorder  and  nonzero 
t separators. 
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imvr  i ca  I  i agonal  i zat :  on  of  the  Hamiltonian  is  dona  for  a 
•  d ;  mens  i  dm  1  system  of  up  to  six  interacting  electrons,  in  the 
.  i  west  I.ansaj  level  m  *  rectangular  box  with  periodic  boundary 
.  .-nd.  liens  It  .a  found  that  tl;e  g-ound  state  is  not  a  Wigner 
rystal  but  a  liquid -like  state  The  gro »nd  state  energy  seems 
to  have  a  downward  cusp  or  *  commensurate  energy*  at  1/3  filling 
Although  the  nature  of  the  ground  state  is  still  not  clear,  the 
magnitude  of  the  cusp  is  consistent  with  the  experimentally 
.  •  I!  s  r  v  e  d  anomaly  m  of„  and  a„  at  1/3  filling  by  Tsui.  Stormer 
and  Cossard  *  Phys  Rev  Lett  48  (1982)1559)  Several  proper¬ 

ties  .f  the  ground  s * a ? e  are  also  investigated 


1  n 1  r  o.J-jc  1 1 .  n 

Two  dimensional  electron  system  in  a  strong  magnetic  field 
without  the  Coulomb  interaction  has  highly  degenerate  energy 
spectrum  due  to  the  Landau  quantization.  The  mutual  Coulomb 
interaction  should  have  a  large  effect  on  such  a  system,  and  it 
was  believed  before  the  discovery  of  the  anomalous  quantized  Hall 
effects!  3)  that  when  the  Landau  level  is  partially  filled,  a 
charge  density  wave  > CDW >  state,  which  is  essentially  a  Wigrer 
crystal,  is  formed  at  zero  temper a tu r e (4 . 5  )  Since  the  anomalous 

quantized  Hall  effect  :s  obse  ved  only  in  samples  with  high 
mobility,  and  since  the  behavior  of  nu  and  o„  indicates 
impurity  effects  are  not  important,  it  is  clear  that  the  Coulomb 
interaction  is  essential  to  this  phenomenon  and  that  the  anoma¬ 
lous  quantized  Hall  effect  is  caused  by  the  property  of  the 
ground  state  of  two  dimensional  electrons  with  Coulomb 
interaction  However  we  cannot  explain  the  phenomenon  by  the 
formation  of  the  CDW  state  Because  firstly  the  total  energy  of 
the  CDW  state  is  a  smooth  continuous  function  of  the  filling 
factor  of  the  Landau  level  u(6),  while  we  need  some  kind  of 
anomaly  at  u=1/3  to  have  finite  width  for  the  plateau  in  Hall 
ft  rductivily  an  at  .  1  /3  ‘leVh  Secondly  the  CDW  state  is 
expected  to  be  pinned  easily  by  the  impurities,  and  the  pinning 
makes  o,*  quantized  not  into  fractional  of  e2/h  but  into  integer 
times  e2/h  (7.8  Thus  the  observation  of  the  anomalous  quntized 
Hall  effect  requires  the  discovery  of  the  true  ground  state  for 
interacting  two  dimensional  electrons  in  a  strong  magnetic 
field  What  we  must  do  is  to  show  the  existence  of  the  true 
ground  state  that  is  not  the  CDV  state,  to  clarify  the  nature  of 
the  ground  state  (which  will  be  a  new  kind  of  an  ordered  state), 
and  to  explain  the  anomalous  quantized  Hall  effect. 
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We  have  investigated  finite  systems  to  find  the  ground 
state  We  consider  s  fev  electrons  in  s  rectangular  cell  with 
periodic  boundary  conditions  When  the  six*  of  the  cell  and 
nusber  of  electrons  are  small.  ve  can  numerically  diagonalize  the 
Hamiltonian.  and  ve  can  obtain  the  energy  and  wave  function  of 
every  eigenstate.  In  this  vay  ve  have  found  that  the  ground 
state  is  not  a  CDV  state  but  a  liquid-like  state  and  that  the 
ground  state  energy  as  a  function  of  v  deviates  dovnvard  st 
simple  rational  values  of  v  from  a  smooth  interpolation  This 
investigation  does  not  tell  us  vhsl  is  essential  for  the  ground 
state,  so  ve  cannot  tell  vith  confidence  the  behavior  of  the 
ground  state  energy  for  an  infinite  system  Hovevar  if  this 
dovnvard  deviations  of  the  ground  state  energy  at  simple  rational 
values  of  v  remain  for  the  infinite  system  as  dips  in  the  ground 
state  energy,  the  anomalous  quantized  Hall  effect  can  be 
explained . 

Recently  Laughlm  proposed  a  trial  vave  function  for  u-t/p. 
where  p  is  an  odd  integerOO).  Unless  v  is  too  smell,  hit  veve 
function  elso  represents  a  liquid-like  state.  Ve  investigete  the 
relationship  between  his  vave  function  and  our  ground  state  wave 
function . 

2  The  ground  state  for  finite  systems 

Ve  consider  a  rectangular  cell  vith  periodic  boundary 
conditions  in  the  x-y  plane,  the  boundary  of  which  is  given  by 
x=0.  x*a,  v*0  end  y*b  A  magnetic  field  B  is  applied  parallel  to 
the  ?axis  Ve  assume  that  the  magnetic  field  is  so  strong  that 
the  cyclotron  energy  hw,  is  much  larger  than  typical  energy  for 
the  Coulomb  interaction  e2/cl  .  c  the  dielectric  constant  end 
l* (ch/eB  )xn  the  Lermor  radius.  Then  it  is  a  good  approximation 


*.o  consider  only  the  loves'  Landau  level.  The  boundary  condition 
requires  that  the  area  of  the  cell  ab  should  be  2x£2m  .  where  m  is 
sn  integer  Then  the  single  electron  wave  function  in  the  Landau 
gauge.  is  given  by 


*,<r  £  exp  (v 


(Xj  +  fca)y  (Xj  +  fca-i)2, 

"  -.5  * 


(t  ) 


Here  integer  j.(lfijSm).  specifies  the  state,  end  X^ZtOj/b  is 
the  i-eoordinate  of  the  center  of  the  cyclotron  motion. 

Vhen  there  are  n  electrons  in  this  cell,  the  filling  factor 
v  is  n/m.  The  basis  n-eleetron  wave  function  is  specified  by  the 
occupation  of  the  single-electron  state:  (ji.jg.  •  ■  .j«)  •  The 

total  number  of  the  bases  is  and  all  these  bases  ere 

degenerate  without  the  Coulomb  interaction.  The  Coulomb  interac¬ 
tion  mixes  these  bases,  and  lifts  the  degeneracy.  Hence  we  need 
to  disgonalise  large  Hamiltonian  matrices. 

The  symmetry  of  the  system  makes  the  calculation  easier. 

The  total  momentum  in  the  y-dirmction.  (mod.m)  is 

conserved  due  to  the  trsnslstionsl  symmetry  along  tbe  y-sxls. 
Hence  the  dimension  of  the  Hamiltonian  for  each  J  is  approxi- 
metely  ■'(”)  •  Two  values  of  J  which  differ  by  a  multiple  of  n 
are  equivalent  due  to  the  translational  symmetry  along  the 
x-axis.  Hence  vhen  a  end  n  have  no  common  factor,  the  energy 
spectrum  of  thm  Hamiltonian  id  independent  of  J  end  every  eigen- 
energy  is  at  least  m-fold  degenerate.  On  the  other  hand  vhen  m 
and  n  have  a  common  factor,  the  states  ere  less  degenerate  end 
the  ground  state  is  realised  only  at  certain  choices  of  J.  For 
mxsmple  st  m-12  and  n«4.  the  three-fold  degenerate  ground  state 
is  found  at  J-2.6  and  10.  Due  to  the  electron-hole  symmetry  the 
system  with  u«n/m  is  equivalent  to  that  with  u-(m-n)/*.  Our 
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calculations  are  done  for  i>£0.5  and  extended  to  v>0.5  using  this 
symmetry  Finally  due  to  the  rotational  symmetry  the  cell  with 
aspect  ratio  a  6  is  equivalent  to  that  6/a  Hence  the  calcula¬ 
tions  are  done  only  for  aspect  ratio  0/641  . 

Since  ve  are  interested  in  the  ground  states  near  p=l/3.  the 
actual  diagonal l zation  is  done  mainly  for  n*4.5  and  6  and 
C  25in,  n=i'iO  5  .  except  for  n=6  where  ve  calculate  only  up  to 
m -2*  The  ground  state  energy  per  electron  for  the  choice  of 
aspect  ratio  o'6-n/4  is  shown  in  fxg.i.  (This  choice  of  a/b  seems 
to  give  approximate  local  minimum  in  the  energy).  The  energy  is 
not  a  smooth  function  of  r  for  each  n.  When  m  and  n  have  a 
common  factor,  the  energy  becomes  lower  than  a  smooth  interpola¬ 
tion  through  every  point  for  each  n  The  lowering  of  the  energy 
is  most  noticeable  at  v - 1 /3  and  v-\/2.  At  w=l/3  the  lowering  of 
the  energy  or  the  magnitude  of  the  ’commensurate  energy’  is 
almost  independent  of  n.  On  the  other  hand  at  u®]/2  the  commen¬ 
surate  energy  seems  to  exist  only  for  n=4  and  6  and  not  for  n*5. 
This  difference  may  indicate  that  for  the  infinite  system  the 
commensurate  energy  or  a  dip  in  energy  remains  at  w=1/3,  where 
the  anomalous  quantized  Hall  effect  is  observed,  and  does  not 
remain  at  w*l/2.  vhere  the  effect  is  not  observed,  although  our 
system  is  too  small  to  draw  such  a  conclusion. 

To  investigate  the  nature  of  the  ground  state,  we  calculate 
the  pair  correlation  function  g(r). 

9  (r  rp(r+r.  )p(r,  ))x>  ,  (2) 

vhere  p(£)  is  the  density  operator  and  (  )  *  means  the  normal 

product  A  graph  of  q(r)  of  the  ground  state  for  n«4  and  m-12  is 
fig .2  together  with  that  for  one  of  the  excited  states. 


The  g (£)  for  the  excited  state  la  almost  identical  to  that  of  the 
triangular  COW  state  obtained  by  the  Har tree-Fock  Approximation 
for  the  infinite  system.  Hence  we  identify  this  state  to  be  the 
CDV  state.  On  the  other  hand  thet  of  the  ground  state  is  quite 
different  from  that  of  the  CDV  state.  The  g^r)  has  peaks  at 
£=(±0/2.0)  and  (O.ib/  2)  ,  but  not  at  r*  (±a/2.  ±b/2)  wh  erb  we 
would  expect  to  have  peaks  if  the  state  were  a  square  CDV  state. 
Moreover  the  shape  of  the  peaks  is  different  from  the  g aussian 
peak  of  the  CDV  state.  This  behavior  of  the  g(£)  suggests  that 
the  ground  state  is  a  liquid-like  state.  Overall  behavior  of 
g(r)  of  the  ground  state  for  other  value  of  m  for  n»4  ia  qualita¬ 
tively  the  same.  The  0(£)'s  of  the  ground  states  for  n»5  and  n«6 
also  show  liquid-like  structure. 

For  n=4  we  find  the  CDV  states  at  even  m.  The  energy  of  the 
CDV  states  become  minimum  at  a/b«2/^3  as  expected,  since  at  this 
aspect  ratio  the  CDV  state  has  the  hexagonal  symmetry.  These 
energies  are  also  shown  in  fia.t.  They  seem  to  lie  on  a  smooth 
curve,  which  is  consistent  with  the  result  of  the  Hartree-Fock 
calculation  for  the  infinite  ayatem(6).  Thia  fact  indicates  that 
the  dips  in  the  ground  state  energy  are  not  due  to  the  boundary 
effect,  but  cone  from  the  intrinaic  nature  of  the  ground  state. 

3.  Discussion 

In  the  previous  section  we  found  that  for  a  finite  system 
the  ground  state  Is  not  the  CDV  state  but  a  liquid-like  state  and 
the  ground  state  energy  la  especially  low  at  v-1/3.  If  ve 
extrapolate  the  present  result  and  speculate  that  even  for  an 
infinite  system  the  ground  state  is  a  liquid-like  state  and  has  a 
dip  at  p«l/3  (and  possibly  at  othar  simple  rational  values),  we 
can  explain  the  anomalous  quantised  Hell  effect.  The  dip  in  the 
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ground  slate  energy  aeans  the  existence  of  an  energy  gap  in  the 
quasi -par tide  excitation  spectrua  at  i*-1/3.  That  the  ground 
state  at  v*1  -3  is  only  threefold  degenerate,  in  contrast  to  the 
highly  degenerate  ground  state  Tor  other  value  of  v  in  the 
vicinity  of  1/3.  suggests  collective  aodes  also  have  a  gap  at 
i>-l  3.  Then  it  will  be  possible  that  the  liquid-like  ground 
state  flows  without  dissipation,  end  is  given  by  the  saae 
value  as  that  of  free  electrons,  i.e  (1/3 »e*/h  . 

As  for  the  origin  of  the  finite  vidth  of  the  plateau,  naaely 
that  the  quantized  value  it  realized  in  a  finite  vidth  of  the 
magnetic  field,  ve  can  give  two  explanation# .  The  first  explana¬ 
tion  is  the  following  When  the  filling  factor  is  near  1/3.  the 
ground  state  is  coaposed  of  the  v=1/3  state  plus  quasi-par  tide 
or  quasi  hole  excitations  If  these  excitations  are  localized  by 
iapur  i  ties .  they  do  not  contribute  to  o„  .  and  otv  is  given  by 
::/3)*2/h  If  this  explanation  is  correct  tha  width  of  the 
plateau  should  becoae  narrower  for  s  saaple  with  better  Mobility 

The  other  explanation  is  the  following.  As  pointed  out  by 
Ssrsff  and  Tsui^li  .  the  density  of  the  two-di sens i ons 1  electrons 
in  GsAs-CsAlAs  he ter o junc t i on  is  not  fixed,  but  should  be  deter 
mined  so  as  to  ainiaize  the  total  energy  of  the  two  diaensional 
electrons  and  electrons  at  the  donor  levels  in  the  GeAlAs.  When 
the  ground  state  energy  is  a  aaooth  function  of  v.  the  density  of 
the  two  diaensional  electrons  is  a  saoolh.  slowly  varying  func¬ 
tion  of  8  However  at  v-1/3  the  ground  stete  energy  per  particle 
has  a  dip.  and  when  u  approaches  1/3.  rapid  change  of  the  density 
resulting  into  pinning  of  v  at  1/3  for  e  finite  width  of  the 
Magnetic  field  is  expected  To  estiaste  the  width  let  us  replace 
the  dip  in  the  ground  state  energy  per  particle  by  a  A-function 
singularity.  AF.iiv  1/3)  (12)  Then  the  width  of  the  plateau  is 


determined  by  the  coapetition  between  the  energy  gain  noAE .  where 
no  is  the  electron  density  at  v=l/3,  no=  ( t /3 )  (2xt2)'‘  .  and  the 
charging  energy  2tLj(e  An)2/t  to  transfer  dn=( i*-l/3)/2x£z  elec¬ 
trons  across  a  depletion  layer  of  thickness  La  .  If  ve  extract  a 
rough  estiaate  of  d£*0 . 008 (e2/ct )  from  fxg.\,  and  ve  use  Ld*240A 
and  t=66A  (8*15T)  .  this  would  lead  to  a  full  width  of  the  Hall 
plateau  at  v=  1/3  of  Av/v*Q  1 5  (£/Ld  ),/z  ”*0 . 18 ,  which  is  conaistent 
with  current  experiaents  In  this  case  the  width  depends  on  the 
thickness  of  the  depletion  layer  L*  and  independent  of  the 
Mobility  of  the  saaple  as  long  as  the  ground  state  is  not 
destroyed.  It  should  also  be  noticed  that  if  the  plateau  coaes 
solely  from  this  aechanisa.  ve  will  never  observe  the  anoaalous 
quantized  Hall  effect  in  Si-HOS.  where  the  electron  density  is 
fixed  externally.  Returning  to  the  experiaent  on  GaAs-GaAlAa 
heterojunction.  ve  notice  the  Magnitude  of  AE  is  also  consistent 
with  the  observed  temperature  dependence  of  o„  and  0*  .  The 
plateau  in  on  and  the  dip  in  o»  begin  to  eppeer  around  T«5K(2). 
vhich  is  of  the  saae  order  as  JE/fc|*1.5K. 

Nov  let  us  coapare  our  ground  state  with  the  trial  wave 
function  b-  T aughlin (10) .  Since  the  gauge  and  the  boundary 
condition  are  different,  we  cannot  coapare  the  wave  functions 
directly.  However  there  are  gone  evidences  which  suggest  the 
agreeaent  of  the  wave  functions.  Firstly  there  is  a  good  agree- 
■ent  of  the  ground  state  energy.  The  difference  between 
Laughlin's  eatiaate  and  tha  present  reeult  for  n«4  systea  ie 
about  0.1*  at  t*-1/3  and  0  5*  at  v-1/5  Secondly  the  short  range 
behaviors  of  the  wave  functiona  show  qualitative  agreeaent.  The 
of  the  ground  state  at  u»l/3  (fig. 2(a))  shows  e  strong 
depression  near  origin  in  contrast  to  the  parabolic  r-dependence 
for  the  o(r)  of  the  COW  state  (fig. 2(b)).  This  is  in  qualitative 
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*r.ord*nre  with  Laughlin  s  wave  function,  which  vanishes  as 
z,  ?,  1  when  '  *•.  /.  tends  to  zero.  The  sane  strong  depression 
is  seen  for  g  {r  of  the  ground  state  for  p£l/3  for  each  n.  On 
•..he  other  hand  for  i  *1/3  .  the  r-dependence  of  gs.r)  near  origin 
is  always  parabolic  This  behavior  suggests  that  for  y£?/3  the 
ground  state  is  made  up  of  Laughlin's  1/3  state  plus  excitations 
However  there  is  a  slight  disagreement  between  Laughlin's 
wave  function  and  our  wave  function  As  a  function  of  one  of  the 
electrons,  the  zeros  cf  Laughlin's  wave  function  coincide  with 
t-.e  positions  of  the  other  electrons,  and  around  each  of  these 
zeros  the  phase  of  the  wave  function  changes  by  2«/p(13).  In 
other  words  there  is  a  2r  'v  vortices  at  each  position  of  other 
electrons  There  is  no  other  vortex  in  the  system.  On  the  other 
hand  usually  there  are  m  zeros  in  our  system.  each  zeros  being  a 
?r  vortex  For  uil/3  three  2* -vortices,  one  of  which  is  bound 
to  an  electron,  gather  and  for*  a  triplet  of  2f-vorlices.  If 
this  triplet  merged  into  a  single  6*-vortex.  our  state  would  be 
idertica.  to  that  of  Laughlin  s  However  except  for  special 
configurations  of  electrons  there  are  finite  separations  of 
vortices  in  a  triplet  of  the  order  of  0  la  or  0  1b.  even  m  the 
oonf i gurat ion  in  which  the  ■axiiua  of  the  wave  function  is 
realized  This  finite  size  cf  the  triplet  is  in  disagreement 
with  Laughlin  s  wave  function  However  the  appearence  of  the 
triplet  always  and  only  for  y£l/3  is  in  qualitative  agreement 
Hence  we  think  Laughlin's  wave  function  is  essentially  the  same 
as  our  ground  state  wave  function  at  1 /3 ,  the  slight  discrep¬ 
ancy.  the  finite  size  of  the  trip.et.  being  either  due  to  the 
boundary  condition  of  our  systee  or  due  to  the  fact  that 
Laughlin's  wave  function  is  a  good  approximation  to  the  ground 
stale  but  not  the  exact  ground  state. 


It  is  expected  that  as  y-0  the  CDV  state  or  the  crystalline 
state  becomes  the  ground  state  We  performed  the  numerical 
diagonalization  of  the  Hamiltonian  for  n- 4  down  to  u=0.1  to 
investigate  the  cross  over  of  the  ground  state.  We  find  that  the 
liquid-like  state  remains  the  ground  state  in  the  whole  range  of 
i>  we  have  investigated  However  the  difference  between  the  two 
states  becomes  smaller  for  smaller  u.  and  an  extrapolation  of  the 
data  suggests  a  cross  over  near  u-0.075  in  accordance  with  the 
expectation,  although  the  numerical  value  of  the  cross  over  pcint 
should  not  be  taken  literally 

In  conclusion  we  have  found  that  the  new  liquid-like  state 
is  the  ground  state  of  the  two-dimensional  electrons  in  a  strong 
magnetic  field  in  a  wide  range  of  the  filling  factor  u 
(0  1*p£0.9);  that  the  properties  of  this  new  ground  state  are 
consistent  with  the  observed  anomalous  quantized  Hall  effect.  We 
investigated  the  relationship  between  the  present  ground  state 
and  Laughlin's  wave  function,  and  found  «  qualitative  agreement. 
However  we  need  further  investigation  to  clarify  what  is  essen¬ 
tial  for  the  new  liquid-like  ground  state,  and  what  type  of  order 
is  realized  in  the  ground  state,  if  it  is  an  ordered  state 
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Fig.l  The  energies  per  particle  vs  the  fractional  filling  of 

the  first  Landau  level  The  dashed  and  dotted  lines 
respectively  show  energy  of  the  electron  end  hole  crystals 
(the  CDV  state)  resulting  fros  the  Hartree-Fock  approxima¬ 
tion  for  the  infinite  aya tes.  Open  squares,  closed  cir¬ 
cles.  and  open  circles  show  the  ground  state  energies  for 
n=4.5.  and  6  electrons  for  wSI/2  and  n=4.5.  and  6  holes 
for  w>!/2.  Cloaed  squares  show  the  CDV  state  for  the  n*4 
system.  The  solid  line  drawn  through  the  n=5  ground  state 
ia  a  guide  to  the  eye  only, 

Fig. 2  Perspective  view  of  the  pair  correlation  function  g (rj 
for  n=4  and  m=12  system’,  (a):  that  of  the  ground  state  and 
(b):  that  or  an  excited  state  identified  as  the  CDV  state. 
The  axes  are  normalized  by  the  dimension  of  the  cell:  X*x/a 
and  Y=y/b. 
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Abstract 

The  low  temperature  thermoelectric  power  of  •  doped  super  lattice  as  a 
function  of  the  Fermi  energy  (band  filling)  locates  the  positions  of  the  edges 
of  the  alrslbands.  The  thermoelectric  power  la  anisotropic  according  to  whether 
the  temperature  gradient  Is  along  or  perpendicular  to  the  superlattice  axle: 
for  momentum  relaxation  rates  proportional  to  the  density  of  final  states  and 
for  the  Fermi  energy  in  the  gap  between  mlnlbanda.  It  vanishes  in  the  former 
case,  but  not  In  the  letter.  For  the  Fermi  level  near  tha  tops  of  the  mlnlbandB, 
a  sign  reversal  Is  predicted  Indicative  of  hole-llke  behaviour. 

Introduction 

Layered  structures  with  precise  tnterfaclal  and  dimensional  control  made 
possible  by  molecular  beam  epitaxy  (MBE)  are  Che  subject  of  much  current  Interests. 
The  spatial  quantization  of  the  electronic  energy  levels  in  such  single  or  multi¬ 
ple  quantum  well  structures  lias  been  observed  In  optical  absorption  (1).  When 
the  quantum  wells  are  sufficiently  close  that  there  is  a  spatially  periodic,  finite 
overlap  of  the  electronic  wave  functions  of  adjacent  wells,  one  haa  a  bona-fide 
superlatt Ice .  The  resulting  zone  folding  and  broad  lug  of  the  discrete  electronic 
levels  lnto-narrow  mlnlbanda  was  the  basis  for  the  early  predictions  of  negative 
differential  resistance  and  Bloch  oscillations  by  Esaki  and  Tsu  (1),  and  later 
predict  lone  of  nonlinear  optical  properties  of  auperlatt ices  (1).  While 
analogous  phenomena  have  heen  observed  for  the  phonon  spectre  (4),  It  has  not 
vet  heen  seen  for  electrons  (or  holes).  However,  with  continued  Improvement  In 
growth  end  interfacial  quality  made  possible  by  WE,  the  electronic  min  1  band 
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structure  will  likely  be  realized  (5).  For  this  case.  It  Is  shown  In  the 
present  paper  that  the  low  temperature  thermoelectric  power  as  a  function  of 
the  Fermi  level  (band  filling)  maps  out  the  location  In  energy  and  widths  of 
the  mlnlbanda,  thereby  providing  basic  Information  about  the  band  structure 
and  density  of  states  distribution  of  a  superlattice.  Additionally,  Information 
Is  provided  about  the  scattering  mechanisms  operative. 

The  standard  form  of  the  electron's  dispersion  In  a  superlattice  Is  free- 
electron-llke  parallel  to  the  layers,  and  tlght-blndlng-llke  perpendicular 
to  the  layers,  viz: 


B(k„,k. ) 


(1) 


•v  "  —  4  1 

where  m*  is  the  conduction  band  effective  mass,  t  Is  the  transfer  integral  (half 
the  bandwidth)  In  the  perpendicular  direction,  and  d  le  the  superlattice  period. 
The  density  of  states  corresponding  to  eqn .  (1)  Is  (6) 


-1 


i) 


0<e<2t 


e>2t 


(2) 


At  T-0,  Impurities  introduced  by  uniform  or  modulation  doping  yield  carriers 
which  fill  the  density  of  available  states.  For  partial  filling  of  the  lowest 
mlniband,  the  carrier  density  N  corresponding  to  e  Fermi  energy  (  Is  given  by 


M*t 

.Vd 


-  (i  -  -|)  «•"'  (» -  V)  *  [2(V)  -(v)2] 


The  thermoelectric  power  S  of  a  degenerate  electron  gas  may  be  written  (7) 
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n(e) 


3n(c) 
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a  v: 


1  »t(c) 

t(c)  3e 


9c  i(c)  9c  I  <4> 

1  ’>  J 

where  n(c)  la  the  density  of  states,  Vj  Is  the  equate  of  the  electron's  velocity 
in  the  direction  of  the  external  temperature  gradient  averaged  over  the  Fermi 
surface  t«  t,  end  t(r)  la  the  energy -dependent  momentum  relaxation  time. 
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E»jn.  (4)  requires  that  (1)  and  (2)  that  the  energy  dependent  quantities 

he  slowly  vsrtng  on  the  scale  of  k^T.  These  conditions  will  be  Investigated 
Immediately  below. 


while  to  the  second  case, 


(td/fe)  sink  d. 


The  logarlfhalc  derivative  of  n  ^(c)  1*  found  to  vary  smoothly  with  c 
through  the  slnlband,  but  to  diverge  at  the  band  extrema  as 

(  1 2  a  )“l  .  «<<  l 

(5) 

(ti  )_l  (2  a')"*1  ,  a«i, 

o,  a>2 

where  (  -  r/r  ,  5  -  (2-f).  The  behaviour  through  the  nlnlband  Is  shown  In  Fig.  1. 

However,  when  the  energv  variation  Is  sufficient  that  condition  (2)  above  la 

violated,  the  quantity  is  averaged  over  an  energy  Interval  ■»  k^T  and  does  not 

diverge.  Hut  for  layers  sufficiently  thin  to  show  super lat t Ice  handing,  e.g.a 

o  o 

typt.  al  CaAs-CaAl^ASj  ^  auper  lat  t  Ices  (d^OA-TflA) ,  Kronlg-Penney  calculatlona 
vleld  Sandwldtha  2t~h0-120  meV  O)  .  Since  k^T  In  lo  t  teaperature  thermoelectr ic 
power  measurements  can  he  made  significantly  smaller  than  thla,  most  of  the 
variation  through  the  hand  will  *e  dlgn-rnable,  except  very  close  to  the  minl- 
’•ind  edges.  Of  course  for  4>?  In  the  "gap",  3ln  n^ /3c  ■  0.  Thais  the  positions 
of  the  mlnlhand  edges  are  Indicated.  We  also  find  that  for  carrier  densities 
%  x  ,017  rm  \  condition  fl)  Is  also  satisfied  for  typical  superlattice 
conf  igurat Ions. 

Turning  next  to  the  second  Tens  In  the  brackets  of  eqn .  (4),  there  are 
two  cases  according  to  whether  the  temperature  gradient  la  parallel  or  perpendi¬ 
cular  to  the  layers.  For  the  flnt  case,  Vj*tik„/**,  it  Is  found  that 
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2  _L  2  2  h  (1-41 

(25-6*)^(l-«)  -(24-4  )  -  _ 


goth  eqn.  (6)  and  (7)  tend  to  diverge  a«  5  *  at  the  bottom  of  the  band,  and 
as  -  (4  )**  at  the  top  of  the  band,  l.e.  a  aign  reversal  indicative  of  hole- 
J’\r  vehavlour  la  found  here.  Their  behaviour  are  very  similar  and  la  shown  In 
FI  The  removal  of  the  divergences  just  at  the  band  edges  occurs  for  the 


same  raasons  as  for  the  density  of  states. 


Finally,  we  consider  the  third  term  In  the  brackets  of  eqn.  (4).  In  contrast 
to  the  bulk  or  an  Isolated  quantum  well,  the  momentum  relaxation  rates  are  not 
known  for  all  the  scattering  mechanisms  of  Interest  in  the  case  of  a  true 
superlattice.  Unlike  the  quantum  well  case,  there  la  a  density  of  final  states 
with  momenta  along  the  superlsttlce  axis  Into  which  the  carrier  can  scatter. 

One  result  derived  for  a  superlsttlce  Is  that  of  deformation  potential  scattering 
under  the  usual  assumptions  of  elastic  scattering  and  phonon  equlpartltlon  (6). 

For  this  case  (c)~  ngL(c) ,  the  logarithmic  derivative  of  exactly  cancels 
the  first  term  of  eqn.  (4),  and  the  entire  contribution  to  S  comes  from  eqns.  (6) 
and  (7),  exhibiting  the  sign  reversals  at  the  tops  of  the  mlnlbands.  On  the 
other  hand.  If  energy  Independent  rates  characteristic  of  s  quantum  well  (Infinite 
potential  barriers)  are  assumed  (8),  the  logarithmic  derivative  of  t'1  vanishes, 
and  tha  contributions  to  S  are  the  sums  of  eqns.  (5),  (6),  and  (7).  In  this 
esse,  the  sign  reversals  at  tha  tops  of  the  mlnlbands  do  not  occur.  Also,  ss  shown  by 
eqns.  (5),  (6).  and  (7)  for  the  case  6>2  (Fermi  energy  above  the  top  of  the  lowest 
mlnibend),  these  contr lbut ions  to  S  vanish  when  the  temperature  gradient  Is  along 
the  aupar lattice  axis,  but  not  when  It  la  parallel  to  the  layers.  The  reason  Is 
that  there  Is  no  coherent  transport  of  carrier  kinetic  energy  perpendicular  to  the 
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layers  when  the  Fermi  level  la  lc  the  gap  between  ainlbands.  If  retea  proportional 
to  the  density  of  floal  atatca  suit Ipl led  by  the  carrier  energy  to  eomc  power 
tPare  assumed  (the  latter  character  la  Ing  the  energy  dependence  of  the  matrix 
element),  then  an  additional  alowly  varying  term  -p/c  cootrlbutes  for  both 
orlentatlona  of  the  thermal  gradient,  and  S  never  vanlshee  for  the  Feral  level 
In  the  "gap" .  However,  the  tendency  of  S  to  "diverge"  et  the  atnlband  extreme 

occurs  In  all  caaea,  Indicating  the  location  In  energy  of  the  mlalband  edgea. 
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Figure  1:  Logarithmic  Derivative  of  Suporlactlce  Density  of  States 


Flgur,  2:  U»,.rlth.ic  D.riv.tlv,  of  Tr.nnport 
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Thermoelectric  Effects  In  Silicon  MOSFETs 
In  High  Magnetic  Fields 

R.P.  Smith,  H.  Closs*.  end  P.J.  Stiles 
flrcmn  University,  Providence,  Rhode  Islond  02R12,  USA 
•present  address:  INPl,  12200  S.J.dos  Canpos,  Seo  Paulo,  Brazil 

ABSTRACT:  The  thermopower  In  quantised  Hell  systems  has  been  suggested  to 
he  a  sensitive  probe  of  electron  transport.  Me  performed  experiments  on 
silicon  MOSFETs  at  temperatures  of  1.8  K*to  4.2*>°K,  temperature 
differences  of  0.01*K  to  0.5*K,  and  magnetic  Inductions  of  8  tesla. 

Results  are  presented  which  clearly  show  mobility  edges  within  Landau 
levels  and  also  a  signal  which  Is  apparently  due  to  the  temperature  depen¬ 
dence  of  the  edge  states. 

introduction; 

The  thermoel ectr Ic  effect  Is  often  used  to  examine  the  nature  of 
electronic  states  In  conducting  systems,  yet  to  date  It  has  not  been  used  In 
studying  quantized  Hall  systems.  It  Is  of  particular  Interest  In  these 
Systmns  for  a  nunber  of  reasons.  First,  the  thermopower  is  very  sensitive 
to  the  presence  of  mobility  edges  [tj,  and  It  has  been  suggested  that  large 
numbers  of  localized  states  are  the  cause  of  the  width  of  Hall  steps.  Also, 

It  has  been  suggested  that  there  Is  a  thermopower  which  Is  due  to  the  temper¬ 
ature  dependence  of  the  conducting  edge  states  £2 ],  so  measurements  should  be 
a  good  test  of  that  theory  of  quantized  Hall  conduction,  finally.  It  an 
appreciable  thermoe I ectr I c  effect  does  exist  It  may  affect  the  very  high 
accuracy  quantum  Hall  studies  now  belnq  done  In  several  laborator las. 

Results  are  prasented  of  studies  of  thermoelectric  voltages  Ir 
[lOOj  silicon  Inversion  layers.  The  temperatures  of  the  sample  range  from 
l .8  K  tc  4.7^  k  while  the  temperature  gradients  for  the  reported  results 
range  from  C.01  *  to  0.1  K.  The  data  clearly  show  mobility  edges  wlttiln 
Landau  levels  end  also  appear  to  show  a  signal  corraspondl ng  to  the  edge 
states*  temperature  dependence.  Transverse  data  Is  presented  as  well.  All  of 

254 


these  results  are  preliminary  In  nature;  more  complete  data  will  be  presented 
soon. 

Theory : 

As  was  mentioned  above,  Glrvln  and  Jonson  proposed  the  existence  of 
a  new  type  of  thermopower  based  on  the  temperature  dependence  of  the  states 
edges  of  the  Inversion  layer.  They  predict  that  the  thermopower  should 
reach  maxima  when  the  chemical  potential  Is  at  mid-level  and  that  these 
maxima  should  equal  -ln2(ka2)/( ltl/2)  where  I  Is  the  Landau  level  Index. 

They  also  predict  that  In  the  absence  of  Impurity  scattering  the  transverse 
component  of  the  thermo power  should  equal  zero. 

A  thermopcmer  can  also  rasult  from  tha  presence  of  a  mobility  adga 
Cl, 3].  This  type  of  thermopower  occurs  whan  tha  Fermi  I  aval  Is  near  tha 
mob) 1 1 ty  edge  and  the  temperature  gradient  causes  an  Inhomogeneous 
distribution  of  carriers  In  the  extended  states. 

Large  numbers  of  localized  states  h«'-e  been  suggested  to  be  the 
reason  for  the  widths  of  Hall  steps  In  two  dimensional  systems.  Tha 
thermopower  should  be  a  good  probe  of  the  location  of  the  transitions 
from  localized  to  extended  states  and  may  wall  glva  Information  on  tha 
numbers  of  extended  states  In  mostly  localized  regions  and  vlca-versa. 
According  to  Frltzche’s  results  C3J  and  assuming  a  reasonably  high 
number  of  localized  states  a  thermopower  of  the  order  of  10Cy*V/*K  can  be 
expected. 

Experiment: 

Tha  metal  I zat I  on  mask  for  tha  sample  Is  shown  In  fig.  t. 

Tha  thermoelectric  voltage  was  measured  on  tha  long  Hall  bar.  Tha 
temperature  gradients  ware  determined  by  combining  data  from  tha  small 
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Cor  M  no  aocmetry  devices  with  the  Knee*  a/T*  dependence  of  the  thermal 
.ohduct I v I ty  at  icm  temper  at yr os.  The  constant  a  Is  a  function  of  the 
material,  the  sample's  geometry,  and  It?  surfaces,  it  was  determined 
empirically  and  may  he  a  large  soul  ce  <f  error  In  the  experiments. 

All  ot  the  MC'-KTs  are  on  f  IOC  ,  silicon  and  have  mobilities  of  about 
4*00  cm  /v-sec  at  4.?  v.  There  are  n*  diffused  regions  at  the  ends  of 
ttn  Hail  pa>  that  serve  as  heaters.  Temperature  gradients  are  created 
t>y  clamping  the  sample  at  one  end  and  passing  an  electrical  cur-ent 
through  tne  •'eater  at  the  optics  I  *e  end.  The  entire  apparatus  Is  then 
•ealeo  and  p .wiped  oo»n  to  about  10  f  torr  to  reduce  any  extraneous 
*  hernia  I  losses. 

Heat  was  appl’ed  with  an  AC  voltage  at  7  Hz.  The  temperatures 
»♦  the  clamp  range  from  !.6‘>i  *c  4.?*K,  and  the  applied  heat  raises  the 
.ample  temper*ture  f  r  cm  for  tte  4.?*k  data  to  C.35°k  tor  the  1.6* 

*■  data  <?t  the  pea»<  of  the  heater  signal. 

°esul ts: 

Thn  longitudinal  component  of  the  fhermopower  Is  shown  In  fig.  ?. 

The  locatl  ms  of  the  mobility  pages  are  clearly  shown  by  the  peaks  and 
dips  in  the  fhermopower .  There  ar  •*  large  numbers  of  localized  states 
beicw  v'  =  4!4Q.8  ana  above  - -4  ’  *  *  .*>  where  I  Is  ah  Integer.  The  indexing  counts 
each  spin  and  va.  iev  spM*  level  individually,  but  conductance  data  (not 
shown)  shows  only  weak  spin  splitting.  The  structure  In  the  centers  of  the 
levels  Indicates  that  there  are  large  numbers  ot  localized  states  at  the 
edges  ot  spin  split  levels.  The  relative  weakness  of  this  structure  Is 
probably  due  to  seme  overlap  ot  levels  along  with  the  coexistence  of 
extended  and  localized  states  fn  these  regions. 

The  transverse  component  ot  the  thermal  voltage  Is  also  shown  In 


fig.  2.  It  Is  not  known  why  the  signal  Is  so  large  for  the  low  Indices.  It 
seems  reasonable  that  the  reduction  In  signal  In  the  longitudinal  case  for 
small  Indices  and  the  corresponding  rise  In  the  magnitude  of  the  transverse 
case  may  bo  due  to  the  larger  Influence  of  Impurity  scattering  for  the 
lower  Indices. 

ie  temperature  dependence  of  the  thermopower  as  measured  from  the 
source  to  the  drain  Is  shown  by  the  two  curves  in  fig.  3.  The  broad 
features  In  the  4.2°K  date  are  thought  to  be  due  to.  In  addition  to  the 
mobility  edge  signal,  the  fhermopower  proposed  by  Glrvln  and  Jonson  CO. 
Measuring  the  thermal  voltage  from  »h  source  to  the  drain  Is  expected  to 
give  same  combination  of  the  longitudinal  and  transverse  components  of 
the  fhermopower  because  of  the  fact  that  the  diffused  regions  will  tend 
to  change  the  apparent  conductivity  between  the  two  sides  near  the  ends 
Of  the  sample.  This  Is  reflected  In  the  1.8  K  data. 

The  itmthod  tor  measuring  temperature  gradients  has  not  yet  been 
perfected,  so  there  Is  an  uncertainty  of  25  to  50$  In  the  absolute  values 
of  the  stated  temperature  gradients  and  fhermopower*.  This  uncertainty 
does  not  carry  over  to  relative  comparisons. 

Cone  I  us  I ons : 

The  fhermopower  has  been  shown  to  be  a  sensitive  probe  of  the 
nature  of  electronic  conduction  In  a  quantized  two-dimensional  electron 
gas.  At  low  temperatures,  the  longitudinal  component  ot  the  thermopemer 
clearly  marks  the  locations  of  mobility  edges,  and  It  may  be  possible 
to  obtain  better  Information  on  the  relative  manners  of  localized  and 
extended  states  In  the  future.  At  around  4.2*K  the  signal  predicted  by 
Glrvln  and  Jonson  becomes  dominant. 


4 


* 


Future  plans  Include  using  higher  nobility  samples,  which  may 
yield  more  Information  In  the  first  few  levels,  especially  for  the 
transverse  data,  tower  temperatures  and  higher  fields  can  also  be  used. 

A  direct  comparison  between  the  nianber  of  localized  states  derived  from 
the  thermopower  and  from  and  In  the  same  sample  will  also  be  made. 
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Fig  1.  Metal  I zat I  on  mask  for  sample.  Longitudinal  data  was  taken 
between  RH1  and  RH8;  transverse  data  between  RHJ  and  LH3.  The 
probes  contact  the  Inversion  layer  at  the  wall  bumps  on  the  Mall 
bar  alongside  the  marked  contacts.  S  and  D  denote  the  source  end 
drain. 


(•>  tb) 


Fig.  2.  (a)Longl tudl nal  (RM1-RH8)  themopower.  The  sample  was  modulated 
at  7  Hz.  with  a  temperature  gradient  of  about  0.1° K.  (b)  Transverse 
(RK5-LKJ) ,  taken  under  the  same  conditions  as  (a). 


Fig.  3.  Source-Drain  thermopower.  The  1 .8^(  data  was  taken  under  the  same 
conditions  as  above |  the  4.25*k  data  was  taken  with  a  temperature  differ¬ 
ence  of  0.01  K. 
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ANALYSIS  OF  QUANTIZED  HALL  RESISTANCE  AT  FINITE  TEMPERATURES 


8.  Tausendfreund  and  K.  v.  Klltzlng 
Physik-Department ,  Technlsche  Universitit  MUnchen 
D*8046  Garching,  Fed.  Rep.  of  Germany 


Abstract 

High  resolution  measurements  of  the  Hall  resistivity  pxy 
within  the  Hall  plateaus  show  that  the  slope  is  finite  at 
finite  temperatures  but  decreases  exponentially  with  in¬ 
verse  temperature.  This  behavior  is  observed  even  In  a 
temperature  range  where  the  resistivity  PxXm*n  is  only 
weakly  temperature  dependent  due  to  scattering  processes 
interpreted  as  variable  range  hopping. 


A  characteristic  feature  of  the  quantized  Hall  resistance  is  the  ap¬ 
pearance  of  plateaus  in  the  Hall  resistance  as  a  function  of  the  magnetic 
field  or  the  gate  voltage  ?/.  These  plateaus  are  explained  by  a  pinning  of 
the  Fermi  level  in  the  gap  (mobility  gap)  between  two  Landau  levels  by  a 
reservoir  of  localized  electron*.  A  large  number  of  calculations  Indicate 
that  localized  states  in  the  tails  of  the  Landau  levels  are  responsible  for 
the  observations'^’  ,  but  also  trap  states  outside  the  channel  of  the  20EG 

n  8/ 

or  edge  states  may  contribute  to  the  development  of  plateaus  *  .  Infor¬ 

mation  about  the  density  of  states  in  the  plateau  region  and  their  contri¬ 
bution  to  the  Hall  effect  at  finite  temperature  is  not  available.  In  this 
paper  we  present  measurements  of  the  resistivity  components  pxx  and  Pxy  on 
silicon  MCSFETs  and  GaAs -A1 ^Ga^ _xAs  heterostructures  in  the  temperature  range 


1.5  K  <  T  <  10  K  at  filling  factors  v  =  N$ h/eB  close  to  an  integer  t  (Nr  « 
surface  carrier  density). 

High  resolution  data  for  in  the  plateau  region  are  obtained  using  an 

/g/ 

a.c.  bridge  .  Fig.  1  shows  experimental  results  for  a  silicon  MOSFET.  The 
resistivity  pxx  close  to  the  filling  factor  i  *  8  Is  plotted  In  the  upper  part 
of  this  figure  for  different  substrate  bias  voltages  or  after  Illumination 
with  an  infrared  LED.  The  variation  of  pxy  as  a  function  of  the  gate  vol¬ 
tage  is  shown  in  the  lower  part  of  Fig.  1.  These  data  demonstrate  that  a 
quantitative  analysis  of  the  sh^pe  of  Hall  plateaus  Is  difficult  because  an 
anomalous  minimum  in  pxy  {which  disappears  at  higher  temperatures)  is  visible 
at  a  filling  factor  slightly  smaller  than  a  completely  filled  Landau  level. 

The  depth  of  this  minimum  increases  drastically,  if  the  threshold  voltage  is 
changed  by  Infrared  illumination  or  substrate  bias  voltage.  Calculations 
show  that  the  corrections  due  to  the  finite  aspect  ratio  of  the  devices^®^, 
which  reduce  pxy  if  the  Hall  angle  deviates  from  90°,  are  not  responsible  for 
the  minima.  We  believe  that  inhomogeneities  lead  to  the  observed  structures. 

For  a  quantitative  analysis  of  the  experimental  curves  we  used  only 
measurements  where  the  Hall  resistivity  pxy  shows  no  anomalous  structures. 

This  means  that  pxy  varies  approximately  antisymmetrically  relative  to  the 
gate  voltage  of  a  fully  occupied  Landau  level  (this  condition  Is  always  ob¬ 
tained  at  not  too  low  temperatures  because  the  minimum  shown  In  Fig.  1  dis¬ 
appears  rapidly  with  increasing  temperature).  Under  this  condition,  the 
minimal  slope  dpxy/dNs  seems  to  be  the  adequate  quantity  for  the  characteri¬ 
zation  of  the  so-called  Hall  plateaus.  In  the  temperature  range  where 
px*"  Is  thermally  activated^1 1 dpxy/dNs  Is  directly  proportional  to 
Pxx"<".  This  is  shown  in  Fig.  2  where  pxx"^n  has  been  changed  by  a  factor  of 
to3  by  varying  the  temperature  of  the  magnetic  field.  The  one-to-one  relation 
between  Pxxm*n  and  dpxy/dNs  can  be  explained  within  the  model  that  only  the 
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extended  states  close  to  the  center  of  the  Landau  levels  contribute  to  pxx 
and  i  and  that  a  variation  dN^  in  the  carrier  density  corresponds  to  a  tem¬ 
perature  and  magnetic  field  independent  variation  of  the  Fermi  energy  dEf. 
Calculations  show  that  both  and  are  determined  by  the  same  ex¬ 

ponential  factor  exp  -AE/2kT  where  *.E  is  equal  to  the  cyclotron  energy  for  an 
idealized  system,  but  is  usually  smaller  due  to  the  spin-splitting  and  a 
finite  linewidth  of  the  extended  states. 

Theoretically,  the  ratio  (dPxy/dNs)  :  pXJ(m1n  depends  on  the  density  of 
states  Dj  in  the  mobility  qap.  Preliminary  calculations  on  the  basis  of  an 
elliptic  form  for  the  density  of  extended  states  and  an  energy  independent 
contribution  of  localized  states  yield  a  relatively  large  value  of  01  > 

0.1  D0  <Dq  *  density  of  states  without  magnetic  field).  However,  this  result 
depends  on  the  model  used  for  the  calculation  and  may  be  unrealistic. 

It  is  known  that  at  low  temperatures  PxxWin^T)  deviates  from  a  thermally 
activated  behavior^^.  This  can  be  Interpreted  as  an  additional  contribution 
to  the  scattering  rate  by  variable  range  hopping.  Such  a  contribution  is  not 
visible  In  Hall  effect  measurements  as  shown  in  Fig.  3.  The  slope  dPxy/dNs 
decreases  exponentially  with  decreasing  temperature  even  In  the  temperature 
range  where  cXJ(m*n  is  only  weakly  temperature  dependent.  The  activation 
energy  deduced  from  dp^/dN^fT'-data  (Fig.  3)  at  high  magnetic  fields 
(B  10  T)  agree  within  •  3%  with  the  cyclotron  energy  fiu>c  minus  spin-splitt¬ 
ing  is.  Atasurements  at  lower  magnetic  field  values  (B  «  B.1  T  for  silicon 
MOSFET  and  B  •  4.1  T  for  GaAs-Al ^Ga^As  heterostructure)  yield  AE-values 
which  are  up  to  20*  smaller  than  calculated  from  -  As.  Such  a  reduction 
In  the  activation  energy  has  been  obtained  from  an  analysis  of  the  exponential 
part  in  the  oxx(T)  curves,  toe,  and  may  originate  from  the  broadening  of  the 
Landau  levels. 

In  conclusion,  the  analysis  of  the  slope  doxy/dNs  or  dpxy/dB  of  the 
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Hall  plateaus  at  helium  temperature  demonstrates  that  this  slope  shows  an 
activated  behavior  corresponding  to  <^>Xy/^s  %  exp(-AE/2kT) .  At  high  magnetic 
fields  (B  >  10  T  for  high-mobility  silicon  MOSFETs)  *E  agrees  with  the  energy 
gap  between  discrete  landau  levels.  This  activated  bahvlor  Is  visible  even  in 
the  temperature  range  where  the  resistivity  pxxIB^n  1*  dominated  by  a  scatter¬ 
ing  process  Interpreted  as  variable  range  hopping.  This  result  supports  the 
conception  that  hopping  contributes  less  to  Hall  effect  than  one  would  expect 
from  normal  conductivity. 

The  work  has  been  supported  by  the  Stlftung  Volkswagenwerk. 
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Fig,  t:  Resistivities  pxj|  and  p ^  close  to  the  filling  factor  1  =  8  for 
different  substrate  bias  voltages  (Vsb)  or  after  Illumination  with 
an  infrared  LED. 
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Minimal  slope  of  the 
Hall  resistance 

dVdVg  '  d 

as  a  function  of  the 
minimal  resistivity  pxx 
The  magnetic  field  Is 
varied  between  8.4  T  < 

B  <  13  T,  the  tempera¬ 
ture  between  1.5  K  <  T 
<  4.2  K,  and  the  sub¬ 
strate  bias  voltage 


Fig.  3:  Pxx"1n  minimal  slope  dp^/dNj  (or  *0^/4*  *  -  dpxy/dllJ)  as  a 
function  of  inverse  temperature  (1/T)  for  a  GaAs-Al^Ge^At  hetero- 
structure  and  a  silicon  M0SFET.  <*PXy/^s  remains  activated  even 
If  p*1n  Is  saturated  due  to  variable  range  hopping. 


QUANTUM  HALL  EFFECT  AND  HOPPING  CONDUCTION 


IN  In^G*! _^A»- InP  HIT EROJ UNCTIONS  AT  LOW  TEMPERATURE 
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and  M.  Raxeghi 

"  Croupe  d*  Physique  dee  Solides  de  l'E.N.S.,  24  rue  Lhomond,  75005  Paris, 

France. 

L.C.R.,  Thomson-C. S. F. ,  91401  Oraay,  France. 

C.R.T.B.T.  and  S.N.C.I.,  C.N.R.S.,  38042  Crenobla,  Prance. 

ABSTRACT 

We  report  investigations  of  the  temperature  dependence  of  the  quantum 
Hall  effect  in  modulation  doped  In^Gaj^^Aa-InP  hetero junctions .  The  diagonal 
conductivity  an  is  studied  at  several  minima  of  the  magneto-resiatance 
between  SO  mK  and  2  K.  A  hopping  conduction  machaniam  is  observed  when  the 
Fermi  level  is  in  the  tail  of  the  Landau  levels. 

Hall  effset  measurements  on  a  two-dimensional  electron  gas  (TDEC)  show 
that  the  Hall  resistivity  at  low  temperature  and  high  magnetic  field  presents 
plateaus  which  are  equal  to  Che  quantized  values  p ^  -  h/ie2,  where  i«  1,2... 
is  the  number  of  filled  Landau  levels.  Simultanaoualy,  the  magneto-resistance 
•  xx  vanishes.  The  Quantum  Hall  Effect  (Q H  E)  was  first  observed  in  Si 
MOSFET's  and,  than,  in  modulation  doped  CaAs  -  Al^Ca^Ae2  and  In^GSj  Aa-lnP3 
heterojunctiona.  This  affect  implies  that  the  Fermi  level  is  pinned  between 
Landeu  levels  ovar  finite  ranges  of  magnatic  field  8.  In  strong  magnetic 
fields  the  TDEG  Landeu  level  energy  separation  be  Lome  a  large  cohered  to  the 
Landeu  level  linewidth,  and  only  the  tails  of  adjacent  levels  overlap.  The 
electron#  whose  energies  fall  in  theaa  tails  are  localized  due  to  disorder4, 
and  the  localised  atates  are  separated  from  the  extended  states  in  the  center 
of  each  Landau  level  by  a  mobility  edga.  The  pinning  of  the  Fermi  level  Ef  is 
due  to  the  existence  of  such  localised  states  and,  when  is  in  a  mobility 
gap  between  two  Landau  lavels,  the  conductivity  3^  drops  to  sero  ae  the 
l«^«rituri  is  decreased,  the  conduction  occurring  by  variable  range  hopping 

2f>6 


at  very  low  te^ierature.  Quite  recently,  interesting  low  temperature  magneto- 

transport  studies  below  1  K  have  been  reported  in  CaAs  -  Al  Ga,  A»^  *  and 
a  x  i  -* 

In^CSj _^As  -  InP  heterojunctiona.  We  want  to  raport  here  receot  investigations 

of  the  tamperatura  dependence  of  the  QHE  and  o  performed  down  to  50  mK  in 
modulation-doped  In^Ga j_^Ae  -  InP  hatarojiactiona  and  the  observation  of  a 
variable  range  bopping  conduction  in  the  vicinity  of  the  magneto-res i stan¬ 
ce  minima. 

The  In  Ga.  As  -  InP  hetsrojunctions ,  which  correspond  to  x-0.53,  were 

X  1 -X  |Q 

grown  by  low-pressure  metalorgaoic  chemical  vapor  deposition  on  (100)  semi- 
insulating  Fe-doped  aubatrataa.  The  InP  layer  (2000  A  thick)  was  n-type  with 
Np  -  N^  3x10**  cm’3.  The  In^Ca^A*  layer  was  also  n-type  with  NQ-NA  * 

1.5  x  10* 5  cm-3  and  its  thickness  was  equal  to  I  um.  The  electron  densities 
and  the  mobilities  at  4.2  K  ware  4.5  x  10* 1  cm  2  and  33,000  cm2  V  1  sec  1 
(•aaple  I),  aid  3  X  lo"  c"2  and  80,000  cm2  V_1  ..c”1  (.*<*>1.  2),U.u.l  8.11 
bridges  were  used  to  measure  Pxx  and  p^y.  Tha  sample  waa  coolad  in  a  dilution 
raf rigerator,  and  the  magnetic  field  B,  perpendicular  to  the  interface,  wee 
provided  by  a  superconducting  coil  and  could  be  ewept  continuously  from  0to9T. 

Figure  1  shows  data  obtained  at  1.85  K  and  55  mK  for  p  and  p  as  a 
-8  ”  u 

function  of  B  for  a  currant  equal  to  10  A  in  sample  I.  Tha  temperature 

dependence  of  the  QHE  ia  essentially  characterised  by  an  increased  width  of 

tha  p  plateaue  and  by  a  narrowing  of  the  associated  p  peaks  whan  T  is 
xy  xx  j 

decreased.  We  have  investigated  particularly  tha  width  of  the  p^y-h/4# 
plateau  between  4.2  K  and  50  mK.  As  shown  in  the  inset  of  Figure  1  (a),  this 
width  rangaa  with  an  accuracy  of  tha  ordar  of  0.5  X,  from  30  X  to  80  Z  of  its 
largeat  possible  value  obtained  from  the  midpoints  of  tha  adjacent  etepa.  A 
similar  variation  is  obtained  in  sample  2  for  the  p^  •  h/2  e2  plateau  which 
occurs  ija  tha  asms  magnetic  field  region  (Fig.  2).  At  low  temperature 
decreases  with  decreasing  temperature  even  at  the  Sbubnikov-de  Haas  peaks, 
whert,  for  quantum  numbers  n  A  2,  the  logarithmic  dependence  60^  ■  0.8 x  10  5 
in  T  (mho)  is  observed  between  0.2  and  2  K.  This  dependence,  previously 
observed  in  CaAs  -  Al  Ga.  As  heterojunctiona5,  may  be  due  to  Coulomb  inter- 

*  *”*  j| 

actions  in  tha  TDEG  under  high  magnetic  field  aa  pointed  out  by  Girvinet  aL 

Completely  different  results  are  observed  for  Che  minima  aa  presented 
in  Fig.  3(a)  which  shows,  in  sample  1,  tha  temperature  dependence  of  oQ  at 
three  px|  minima,  namely  between  the  n  -  2  and  n  “  3  (curve  A),  the  n-  1  and 
n  •  2  (curve  B) ,  and  tha  n-  I  spin-splitted  (curve  C)  Landau  levels  (see  Pig. 1) . 
Curves  A,  B  and  C  correspond  to  B-3.3,  4.95  and  6.3  T,  respectively.  It  can 
be  seen  that  tha  data  can  be  fitted  to  the  following  expression  over  a  wide 
range  of  between  50  mK  and  I  K  : 
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This  behaviour,  recently  rtporiad  in  CeAs  -  Al^CSj  _aAa  heterojumt ions 
v  4i  dt  r  i  v«J  by  Uno  *  for  a  hopping  conduction  in  a  iwo-diMiu  lotu!  vlactrun 
gat  under  high  aegnstir  tuU,  using  geuseian  local  list  ion  tor  close  to 

tn«  cdg*  of  t ha  broadened  Landau  levels.  Such  a  good  agraawanc  would  not  be 
obtained  over  this  rang#  of  rawperature  lor  j  “  tap  (-  IT^/T)'^)  which 
o  r  respond*  to  tht  Mott's  law  for  a  TDE(.  at  <tro  negneiic  fitld  and  vat 
reported  by  Storswr  ct  al.*  in  i.-iAs  Al^CSj  ^As  hattro  junct  iona  in  a  narrowtr 
teuperature  range.  in  Eq.  I  i»  given  by*2  : 


whtrt  DlEj.1  ia  tht  density  of  atataa  at  the  Ferwi  energy  and  is  a  constant 
of  the  order  of  unity  which  ia  related  to  the  critical  concentration  of  the 
percolation  problea/*  Prow  our  result*,  we  obtain  Tq  •  11.70  and  7.8  t  for 
curves  A.  B  and  C  respect ive ly.  This  difference  is  not  explained  by  the 
nagnetic  field  dependence  of  T^,  but  by  the  variation  of  tha  density  of  states 
Ihpl  at  tha  „  ^  amine  A.  B  and  l.  Fig.  3(b)  shows  tha  rasistivity  in 
the  vicinity  of  tha  three  aimaa  at  0.2  K.  For  tha  A  and  C  aimaa,  does 
not  drop  to  aero  because  the  overlap  bstwsen  tha  tail*  of  the  adjacent 
Landau  levels  is  important  and,  as  a  consequence,  the  corresponding  values  for 
r  are  snail,  for  the  ainiaua  B.  the  resistivity  drops  to  xero,  the  overlap 
between  the  landau  level  n*2  and  I  being  very  snail,  and  T  ia  larger.  If  the 
percolation  constant  is  aaauwed  to  be  -  1 ,  the  density  of  states  D  (F.f) 
can  be  deduced  fro*  Tq.  At  the  ainiaua  B,  Eq.  (2)  leads  to  a  value  0  (E^)  • 

:  )  i  .0  aeV  c«“*  which  is  an  unrealistic  value,  auch  higher  than  the 
density  of  states  without  nagnetic  field  which  is  2.1  x  10*^  stV  '  ca  ^  in  the 
case  of  In^  ^  (,ay  As  and  which  rspreaents,  in  any  caaa,  an  upper  linit  for 

1 1  w  density  of  states  at  the  ^  amine.  This  discrepancy  which  haa  bean  first 
pointed  out  by  Ebert  et  al .  in  GaAe  -  Al^CSj _xAs  hetaro junctions®,  shows  that 
Eq.  (2)  ia  probably  not  correct. 


Finally,  it  ia  noteworthy  that  the  hopping  conductivity  ia  not  only 
observed  at  the  sinisi  but  over  the  entire  Hall  plateau  region.  For  ins¬ 
tance,  curve  D  in  Fig.  J  (a)  shows  tha  conductivity  at  ■  ■  4.6  T  which 
correspond!  to  the  onset  of  the  u ^  •  h/4  e^  plateau  at  1.83  K  (Fig.  1(a)). 
It  ia  clear  that  tha  data  are  well  fitted  to  tq.  (I)  with  a  value  Tq  %  23  X 
vh«<h  is  three  rise*  easller  than  Tq  at  tha  B  point.  Never tha lass ,  it  is 
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important  to  point  out  that  the  results  at  the  0  point  could  also  be  inter' 
preted  with  the  exp  -  (To/T)*^  Mott's  law  corresponding  to  an  exponential 
localisation.  These  observations  confirn  that  tha  Hall  plateaus  occur  when 
the  Ferai  level  Ep  lies  in  the  localised  states  in  Che  tails  of  the  Landau 

levels  while  tha  Hall  steps  appear  when  E_  ia  in  tha  axtanded  states  in  the 
14  F  . 

center  of  each  Landau  level  .  The  obeervation  of  a  plataau  width  reaching 
about  80  Z  of  ita  largest  possible  value  at  low  teaperature  shows  that  nost 
of  the  electron  states  are  localised  for  the  lowest  indices  Landau  levels  as 
already  observed  in  CaAs  -  Al^Ga^Aa  heterojunct  ions3  ’  . 
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Figure  I 

(•)  Hall  resistance  Pxy  as  *  func¬ 
tion  of  B  at  different  temperature* 
in  sample  t.  The  ;n*et  give*  aa  a 

function  of  temperature  the  ratio  of 

2 

the  width  of  the  p  -  h/Ae  plateau 
xy 

to  it*  maximum  possible  width,  as 
defined  in  the  text. 

(b)  Magneto-resistance  0  ^  as  a 
function  of  B  at  different  tempera¬ 
tures.  The  corresponding  Landau 
levels  are  noted  I  ,  i  ,2... 


Figure  2 


Hall  resistance  as  a  function  < 

in  sample  2.  The  inaet  shows,  as 

function  of  T,  the  ratio  of  the 

width  of  the  n  •  h/2e  plateau 
xy 

its  maximum  possible  width. 


if  B 


to 


Figure  3 

(a)  Temperature  dependence  in  sam¬ 
ple  I  of  o  at  p  minima  A,  B,  C 

V  XX  XX 

and  at  the  point  D,  as  defiaed  in 
the  text. 

(b)  in  the  vicinity  of  the 
minima  A,  B,  C  at  0.2  K.  Schematic 
diagram  of  the  density  of  states  at 
the  magnetic  field  at  which  these 
minima  occur.  The  hatched  areas  re¬ 
present  the  localized  states. 
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Abstract 

The  influence  of  disorder  on  the  Hall  conductivity  of  a  two-dimensional  elec¬ 
tron  gas  in  a  strong  magnetic  field  is  examined  by  studying  the  sc«i‘tering  of 
a  single  particle  from  an  arbitrary  potential  in  crossed  electric  and  mag¬ 
netic  fields.  The  Hall  current  in  a  large  system  is  shown  to  be  unaffected 
by  'islands'  of  disorder. 

Introduction 

rh*  measurements  by  von  Mitring,  Dorda  and  Pepper  (l)  of  the  low  tempera¬ 
ture  Hall  conductivity  of  silicon  inversion  layers  in  intense  magnetic  fields 
i«mand  a  simple  theoretical  interpretation.  Attempts  in  this  direction  pro¬ 
ceed  m  two  stages.  Firstly,  the  system  is  modeled  by  a  two-dimensional  elec¬ 
tron  gas  and  ’t  is  argued  that  the  density  of  states  in  energy  consists  of  a 
senes  of  Landau  levels,  broadened  by  substrate  disorder.  If  the  electron 
states  in  the  tails  of  the  levels  are  localised  and  those  near  the  centre  are 
extended,  at  least  on  the  scale  of  the  sample  size,  then  the  Hall  conductivi¬ 
ty  as  a  function  of  electron  density  will  rise  whilst  extended  states  are 
filled  and  show  a  plateau  when  the  Fermi  energy  is  varied  within  a  region  of 
localised  states.  Secondly,  the  observed  plateau  values  of  the  Hall  conducti¬ 
vity,  Integer  multiples  of  -e?/h,  are  simply  those  of  an  idealised  system, 
without  scattering,  in  which  the  Fermi  energy  lies  between  Landau  levels.  The 
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problem  is  now  to  understand  why  this  result  is  unaffected  by  the  scattering 
processes  active  in  a  real  material.  Approaches  taken  have  been  of  three 
types;  Linear  response  theory  has  been  used  to  discuss  the  influence  of  dis¬ 
order  on  the  Hall  conductivity  (2,3,4);  the  gauge  symmetry  of  the  problem 
has  been  examined  (S,6,7);  and  it  has  been  shown  by  explicit  solution  that 
the  presence  of  a  single  delta-function  scattering  centre  does  not  change 
the  Hall  current  (8). 

In  the  present  paper  a  sum-rule  is  derived  for  scattering  from  an  arbitrary 
static  potential  which  leads  to  the  conclusion  that  a  disordered  background 
potential  does  not  alter  the  Hall  current  in  a  non-interacting,  two-dimen¬ 
sional  electron  gas.  If  some  electron  states  are  localised  by  the  potential, 
the  remaining,  extended  states  carry  an  extra  current  which  exactly  cwpen- 
sates  (9). 

The  scattering  problem 

Co-  ider  the  scattering  of  electrons  moving  in  two  dimensions  under  the  in¬ 
fluence  of  a  uniform,  perpendicular  magnetic  field  and  an  in-plane  electric 
field.  The  appropriate  Hamiltonian  is 

K  •  "  *  i  -W  +  Vc**']')  (1) 

where  units  have  been  chosen  so  that  the  cyclotron  length,  cyclotron  energy 
and  magnitude  of  the  electric  charge  are  all  unity,  and  the  Landau  gauge  has 
been  selected.  The  external  electric  potential,  v(x),  is  translational l y  in¬ 
variant  in  the  direction  of  the  Hall  current  (the  y  direction)  and  monotonic 
In  the  direction  of  the  field.  The  Hall  potential  is  chosen  to  be  less  than 
the  cyclotron  energy:  v(-)  -  »(*•)  <  1.  A  scattering  region,  which  Is  of 
finite  extent  but  otherwise  arbitrary.  Is  represented  by  the  potential 
V(x.y). 
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The  spectrum  of  the  pore  system  (V(x,y)  •  0)  consists  of  a  series  of  Landau 
levels  broadened  by  the  electric  field.  Each  eigenstate  Is  extended  and 
carries  a  current  parallel  to  the  y  axis.  A  very  unusual  property  is  that  no 
two  states  are  degenerate  in  energy:  the  electric  field  lifts  degeneracies 
associated  with  sywnetry  under  spatial  rotations,  and  the  magnetic  field 
breaks  t i me -reversal  invariance  (10).  The  eigenstates  in  the  absence  of 
scattering,  *°(«,y),  can  be  labled  by  their  energy,  E,  or  by  their 

y -moment  urn  and  Landau  level,  k  and  n.  Their  functi  nal  form  is 


(2) 


The  presence  of  a  scattering  potential  may  give  rise  to  bound  states  and  will 
also  modify  the  extended  states.  Suppose  that  a  particle  prepared  in  the 
state  is  incident  on  the  scattering  centre  from  y  -  — .  The  absence  >f 
degeneracies  severely  restricts  the  type  of  scattering  possible  and,  far 
beyond  the  centre,  the  wavefunction,  *,  differs  from  that  in  the  absence  of 
scattering  by,  at  most,  a  phase  factor. 


ic*^) 


(3) 


^  )  r*  -  * 

(*j  ^ 

A  second  quantity  which  is  relevant  in  characterising  the  scattering  process 
is  the  time  delay  (or  advance)  an  electron  experiences  in  passing  the 
scattering  centre.  Our  central  result  is  that  the  phase  change  and  time  de¬ 
lay  induced  by  scattering  are  not  independent  quantities.  Let  and 

eigenstates  at  the  energy  E,  as  introduced  above,  normalised  to  carry 
unit  current.  The  time  delay  is 


t  ItS  l‘-  l*‘l‘} 
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The  right-hand  side  can  be  written,by  using  1  -  (E* -E) |£  .  replacing  Ej|r£ 

with  $6^  and  integrating  by  parts  to  obtain 

t  *  af  (5> 

It  is  clear  that  the  time  delay  is  related  to  effect  of  disorder  on  the  Hall 
current  carried  ty  an  eigenstate  at  the  energy,  E,  whilst  the  derivative  of 
the  phase  shift,  d*/dE,  reflects  the  Influence  of  disorder  on  the  density  of 
states.  In  the  final  section  this  connection  is  formulated  more  precisely. 

The  Hall  conductivity 

A  single  scattering  centre  in  an  Infinite  system  has  an  Infinitesimal  effect 
or  the  density  of  states.  We  therefore  treat  a  system  similar  to  that  dis¬ 
cussed  above,  but  with  periodic  boundary  conditions  applied  in  the  y  direc¬ 
tion  between  y  -  -  M/2  and  y  *  M/Z.  The  length  M  is  chosen  sufficiently  large 
for  a  given  V(x,y)  that  the  wavefunctions  of  the  Infinite  system  are  close  to 
their  asjanptotic  behaviour  at  y  ■  t  M/2.  This  should  not  be  a  serious  re¬ 


striction  since  corrections  decay  as  (polynomial)  x  e 
V(x,y)  -  0. 


-//« 


in  the  region 


The  eigenstates  of  the  finite  system  consist  of  the  bound  states  of  the  in¬ 
finite  system  together  with  extended  states  at  those  energies  for  which 


Mk  *  (k)  »  2ir  *  intx^ar- 


(6) 


The  number  of  states  in  the  n  Landau  level  with  momenta  in  the  range  (k, 
k  ♦  Ak)  is  therefore 


N(k)Ak  .  §  {l*  M'  Jf  }  AK 
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The  current  carried  by  each  eigenstate  is,  on  normalising  the  wavefunctions 
within  the  finite  system, 

](*)  -  [  u  t  J  (8) 

wnere  M’*j°(k)  is  the  current  in  the  absence  of  a  scattering  centre.  The  re¬ 
lation  between  the  time  delay  and  the  phase  shift  allows  the  curren  to  be 
expresses  as 

J(V>-  M'3'O)  [l>  H  }  (») 

so  that  tne  total  current  carried  by  states  within  a  small  energy  range  is 

T(lc)Ak  •  J'^Ak  <10> 
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which  is  independent  of  V(x,y). 

Ihe  presence  of  disorder  may  thus  influence  both  the  density  of  extended 
states  and  the  current  carried  by  each  state,  but  these  effects  cancel  when 
the  cr>r  tribution  to  the  Hall  current  from  a  range  of  energies  i  considered. 
Equation  (10)  may  be  integrated  and  conventional  units  restored  to  show  that 
when  the  extended  stjtes  of  n  Landau  levels  are  occupied,  the  Hall  conducti¬ 
vity  is  -  ne  /h. 

References 

(1)  K.  von  Klitzing,  6.  Dor  da  and  M.  Pepper,  Phys.  Rev.  Lett.  45  (1980)  494 

(2)  H.  Aokl  and  T.  Ando,  Solid  State  Comm.  38  (1981)  1079 

(3)  0.  J.  Thouless,  J.  Phys.  C  14  (1981)  3475 

(4)  P.  Streda,  J.  Phys.  C  IS  (1982)  L  717 

(5)  R.  8.  LaughUn,  Phys.  Rev.  B  23  (1981)  5632 


277 


I 


278 


The  Effect  of  Interface  Charge  on  the  Quantum  Hall  Effect* 

J.  E  Furneau*  and  T  L.  Reinecke 
Naval  Research  Laboratory,  Washington,  D.C  20375  USA 

Abstract 

The  effects  of  variable  oxide  charge  on  quantua  Hall  plateaus  have 
h^en  studied  ising  Si  HOSFETs  which  have  dnftable  Na  ions  in  the 
oxide  Interesting  and  unusual  behaviors  have  been  observed  for 
both  the  widths  and  positions  of  the  various  plateaus  in  the  Hall 
resistivity  as  functions  of  increasing  interface  charge  The  ongio 
of  these  effects  is  discussed  to  tens  of  a  picture  I  »ed  on  local¬ 
ised  electron  states  in  the  inversion  layer. 

The  quantua  Hall  effect  (QHE)  in  the  two-diswnaiooal  electron  g**  (D 
confined  at  the  Si-SiO^  interface  in  aetal-oxide-xraiionductor  field-effect 
transistors  (MOSFETsi  has  been  of  considerable  experiaental  and  theoretical 
interest  recently  (2)0).  It  i»  observed  that  the  Hall  resistivity  has  flat 
steps  with  values  p^sh/ie2,  i-l,2,  ..  corresponding  to  filled  Landau,  spin 
and  valley  levels  as  a  function  of  increasing  gate  voltage.  The  aagnetoreaia- 
tivity  vsoisbes  for  gate  voltages  in  the  steps.  It  is  generally  thought 
:h^t  these  plateaus  are  associated  with  localized  electron  states  in  the  band 
tails  of  the  Landau  and  spin  levels  These  states  pin  the  Fermi  level  for 
increasing  gate  voltage  The  Microscopic  nature  of  the  localized  states  and 
i heir  effects  on  the  QHi  however  are  not  yet  well  understood  (2). 

The  purpose  of  the  present  work  Is  to  investigate  the  effects  of  well 
characterized  changes  in  interface  charge  and  the  associated  localized  elec¬ 
tron  states  on  the  QKE  HftSFET  samples  with  Mobile  positive  charge  in  the 
gate  oxide  are  .ery  attractive  candidates  for  these  studies.  Hartstein  and 
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Fowler  (4)  have  found  that  for  each  positive  charge  drifted  to  the  interface, 
a  bound  impurity  state  is  created  at  the  Si-SiO^  interface.  By  drifting  the 
awbile  positive  charges  to  the  interface  it  ia  possible  to  vary  the  masher  of 
interface  charges  in  a  given  itsplc.  Experimentally,  the  width  in  gate 

voltage  of  the  flat  Hall  plateau  is  genarally  dels  rained  from  the  region  for 
which  p^*h/le2iA  where  A  is  a  mm  1 1  quantity  associated  with  the  experiaental 
resolution.  A  similar  criterion  la  used  here  in  an  AC  technique  which  allows 
us  to  use  very  low  excitation  current  (100  nA).  At  a  constant  field  of  13T 
and  at  T=1.35H  we  have  measured  p^,  P^yi  dpg>/dp  and  dp^/dn  as  a  function  of 
VG  using  sn  experiaental  configuration  similar  to  that  of  Fang  and  Fowler  (5) 
The  width  of  the  Hall  atep  was  taken  to  be  the  width  of  the  region  in  inver¬ 
sion  layer  density  n  for  which  dp^dn  <3.5xl0i0cm2.  The  A  corresponding  to 
this  criterion  is  *10. 

The  results  of  these  studies  are  shown  in  Figs.  1-3.  In  Fig.  1  the 
widths  of  the  Hall  steps  are  seen  to  be  approximately  proportional  to  the 
number  of  oxide  charges  drifted  to  the  Si-Si(>2  interface  for  small  drifts  in 
high  mobility  samples.  The  Hall  plateau  widths  fall  on  universal  curves 
linear  ia  1/p  at  high  mobilities  as  seen  in  Fig.  2  where  the  mobilities  p  are 
measured  at  4.21  and  11*0.  The  parameter  1/p  provides  a  measure  of  scattering 
in  the  inversion  layer  (6).  A  notable  feature  of  these  data  la  the  difference 
in  behavior  between  the  plateaus  associated  with  the  full  Landau  levels  and 
the  plateaus  associated  with  the  full  spin  levels.  The  spin  plateaus  grow  ia 
width  more  slowly  than  the  Landau  level  plateaus.  A  similar  behavior  la 
observed  (Fig.  2)  as  a  function  of  1/p  for  high  mobility  sables  (pB^12). 

A  remarkable  feature  of  these  data  is  shown  in  Fig.  3.  The  positions  in 
gate  voltage  of  the  apin  plateaus  are  found  to  move  with  respect  to  the  posi¬ 
tions  of  the  full  Landau  plateaus  for  increased  oxide  charge  at  the  Interface. 
In  order  to  determine  precisely  the  position  of  a  given  plateau,  the  tempera¬ 
ture  was  chosen  such  that  p^  shows  well  defined  minima  rather  than  flat 
regions .  Measurement*  of  versus  Vg  were  made  at  a  number  of  magnetic 
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t  tin  bftwi-.-n  HI  »n-i  1  IT  and  ap|>nrnt  thieaholds  for  I  hr  full  spin  and  full 
landau  lrvel\  were  <htati»ed  ti<*m  t  hr  usual  fan  diagrams  (11  Thr  po«itmn»  of 
tht-se  I  hrr*h>- 1  <1*  were  thro  iuaparr<i  to  thr  <  ondur  1 1  vi  t  y  threshold,  V  ,  at  77K 
«n-1  air  >buvn  in  fix  '  Thr  aaounl  of  drifted  interface  chain*-  was  deter¬ 
mined  by  Ab  s  etAV  where  C  is  the  capacitance  per  unit  area  nf  thr  WOSFF.T 
os  tc  r 

St  can  he  arm  that  for  Ah  4x10**00  ‘  the  full  Landau  level  positions  do  not 
•<vr  with  respect  to  the  conductivity  threshold  within  experimental  erroi . 
The  minima  associated  with  filled  spin  levels  however  move  closer  to  minima 
tor  thr  next  full  Landau  levels  The  positions  of  the  minima  aaaociated 
with  the  filled  valley  levels  behave  like  those  for  the  filled  spin  levels  and 
will  be  discussed  separately  (7). 

The  effects  of  varying  oxide  charge  on  the  quantum  Hall  plateaus  are  now 
d i si ussed  in  terms  of  a  picture  of  localized  states  in  the  Inversion  layer 
( *  i  Increased  interface  oxide  charge  leads  to  grester  potential  fluctuations 
there  and  hence  to  greater  localization.  Thus  the  increased  widths  with 
in* resting  oxide  charge  in  Figs.  1  and  2  are  consistent  with  a  picture  of  Hall 
plateaus  arising  from  localized  inversion  layer  states.  Hore  specifically  at 
<  11-2  ♦ 

N^-SxlO  cm  the  Ha  forma  a  localized  hydrogenic  state  in  the  inversion 
layer  (4j  The  combined  Na  and  localized  electron  then  give  riae  to  the 
interface  potential  fluctuation 

The  different  shifts  of  plateaus  for  full  spin  and  Landau  levels  (Fig  3) 
*nd  the  differences  in  their  widths  as  functions  of  oxide  charge  (Figs.  1,2) 
is  especially  remarkable  In  order  for  there  to  he  an  apparent  shift  in  s 
minimum  it  is  neceaaary  not  only  that  the  adjacent  band  tails  overlap  but  also 
that  they  shift  with  respect  to  one  another  in  such  a  way  that  the  increased 
overlap  is  asymmetrical.  The  data  tor  the  filled  Landau  level  in  Fig.  3 
therefore  suggests  that  the  band  tails  do  not  overlap  significantly  with  the 
previous  spin  level  The  upward  shift  of  the  filled  spin  plateau  is  consist¬ 
ent  with  a  picture  (7)  in  which  the  interaction  of  the  band  electrons  with  the 
electrons  localized  at  the  Na  depends  on  spin  The  interaction  between  the 


electrons  in  the  lower  spin  state  of  a  Landau  level  with  the  localized  elec¬ 
tron  state  is  stronger  because  of  their  orthogonality,  and  the  resulting  shift 
is  asynmetncal  because  screening  decreases  this  interaction  as  the  band 
fills.  The  interaction  with  these  localized  electrons  causes  the  mobility 
edges  of  the  lower  spin  bands  to  move  more  with  interface  charge,  and 
increased  screening  causes  the  upper  mobility  edge  In  each  band  to  be  affected 
leas.  These  effects  give  tbe  different  Increases  of  the  spin  and  Landau  Hall 
plateaus  aeen  in  Figs.  1  and  2. 
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Fig.  1.  The  width  of  the  Hall 
plateaus  plotted  versus  drifted 
interface  charge  Tbe  open  symbols 
are  tbe  Landau  level  widths  sod 
the  filled- in  symbols  are  the 
spin  level  widths.  Each  point  is 
a  composite  of  data  at  six  dif¬ 
ferent  substrate  hisses  giving 
the  plotted  error  bars. 
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Fi|[.  2  The  norwiiiril  width  of 
the  H«ll  plateaus  plotted  versus 
nunuluH  inverse  mobility 
A'  The  width*  of  the  spin  pla- 
tnm;  B)  The  widths  of  the 

Landau  plateaus  The  density 

.taafW  utnl  with  *  nondrge^ratg 
LsudaiJ  level  18  n  =1.146x10  <m 
The  straight  lines  are  apprn*- 
iiute  fits  to  the  high  mobility 
data  which  go  through  the  origin 
as  expected  from  localization  due 
to  potential  fluctuation*  The 
different  symbols  indicate  dif¬ 
ferent  substrate  biases  0  = 

♦1  V,  :  =  0  V,  4  =-l  V,  I  =  -2  V, 

■  =  -4  V.  A  '  -B  V 
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Fig  1-  The  normalized  positions  «>l  the  p 

■  mis*  relative  to  the  conductivity  thresholds  V* 
plotted  versus  added  interface  charge  AH  Tne 

upper  curve  is  the  spin  and  valley  level  positions 
and  the  lower  curve  is  the  landau  level  position. 
The  dashed  curve  indicates  the  region  for  which  the 
electrons  sssocisted  with  the  impurities  are  banded 
and  thua  where  the  measurement  of  ^un  *• 
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Plateaus  in  thr  'Jiuni  i  zed  Hall  Rfsiitinir  Without  Localized  States 
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The  r<>)e  of  the  . hannel  rontnts  in  giving  rise  to  plateaus  in  the 

quantized  Hall  resistcvity  of  the  inversion  layer  electron  systria  in 

Us  At  A*/i‘.*A*  heteroat  cu<  t  urea  and  in  Si  IflSITli  is  discussed  It 
*  I  -* 

i*  shown  that  under  certain  i  imaitinrr<  this  effect  Can  make  a 
m  sm 1 1> ant  lontribution  to  i  he  plateau  widths  particularly  in  the 
use  of  the  het  etost  rui  tures 

The  quantized  plateaus  10  thr  Hall  resistivity  of  the  two-d tarns lonal 
invert  ion  layer  electron  systems  .«s  a  fuoition  of  magnet  it  field  R  in 
i.a^Ai  ^  ^Aa/CaAa  heteroat  rut  turns  and  as  a  function  ol  gate  voltage  V^.  in  Si 

"*»T,FETs  have  attracted  wu- h  interest  recently  The  so-called  "integer" 

plateaus  correspond  to  the  filling  of  Landau  levels,  and  the  "sub  integer" 

plateaus  to  the  opening  '< I  a  gap  in  the  electronic  spectrum  due  to  tuny-body 

effects  The  widths  of  these  plsteaus  are  generally  thought  to  be  caused  by 
localized  states  which  pin  the  Fermi  enrrgy  i.^  in  the  hand  tails  of  the  Landau 
levels  or  at  the  edges  of  the  many-hody  gap  (1).  The  microscopic  origin  of 
thr  plateau  widths,  however,  is  not  yet  well  understood. 

Several  considerations  suggest  that  another  mechanism  in  addition  to  that 
from  localized  states  may  contribute  to  the  plateau  widths.  The  low  tempera* 
tore  widths  of  plateaus  m  high  mobility  Ga^Alj^As/GaAs  beterojunct ions  (2) 
are  generally  found  to  be  considerably  greater  than  those  in  lower  mobility  St 


HOSFETa  (3).  On  the  other  hand,  the  interface  disorder  and  thus  the  localiza¬ 
tion  should  be  less  for  the  beterojunct too  than  for  the  Si-SiO^  interface. 
Secondly,  both  subintegrr  plateaus  corresponding  to  small  gaps  in  the  energy 
spectrum  and  also  substantial  widths  for  the  integer  plateaus  are  observed  to 
the  same  high  mobility  heteroat ructure  devices  (4). 

The  channels  of  thr  devices  in  which  these  resist ivitiea  are  measured 
have  heavily  doped,  degeuerale  n- type  contacts  diffused  into  the  semiconductor 
material.  Thr  number  of  electrons  in  them  and  in  the  associated  metal  1 izat iona 
is  sufficiently  large  to  provide  effectively  infinite  reservoirs  tor  the 
channel  electrons.  The  experiments  are  done  under  so-called  "cold,  dark" 
conditions  in  which  the  thermal  equilibrium  of  the  inversion  layer  with  the 
depletion  layer  and  with  the  bulk  semi  conductor ,  which  is  established  at 
higher  trmperaturea,  is  no  longer  maintained  at  the  low  temperatures. 

Consider  first  the  Hall  conductivity  of  a  Ga^Af ^  ^As/GaAs  heteroat ructure 
for  increasing  magnetic  field.  Charge  which  moves  from  the  inversion  layer 
into  the  contacts  is  expected  to  reaiairt  near  the  inversion  layer  in  order  to 
reduce  its  electrostatic  field  energy,  and  it  should  affect  the  potential 
energy  of  the  inversion  layer  electrons  in  only  a  small  region  corresponding 
to  a  "fringing  field"  near  the  contacts.  Thus  in  the  region  away  from  the 
contacts  the  band  bottom  for  the  inversion  layer  system  and  remain  fixed  as 
functions  of  density,  the  latter  being  specified  by  the  value  of  the  chemical 
potential  in  the  contact 

The  Hall  conductivity  in  the  relaxation  time  approximat ion  is  o^-nc/B 
where  n  is  the  inversion  layer  denaity  per  unit  area.  In  high  mobility  het- 
erojuortion  devices  the  Landau  level*  should  be  narrow.  At  T=C  if  lea 

between  Landau  levels,  then  for  increasing  6  charge  flows  from  the  contacts 
into  the  inversion  layer,  and  <J^  remains  constant  with  a  value  o^=Le^/h 
where  L  is  the  number  of  filled  levels.  Whefl  s  Landau  level  passes  through  r.f 
its  charge  is  trsnsfered  abruptly  into  the  contact.  At  arbitrary  temperatures 
the  chemical  potential  of  the  inversion  layer  syst«  measured  from  the  band 
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bottom  rraaim  constant  and  is  given  to  good  approximation  by  that  for  an 
id** 1  two-dimen* lonal  electron  gat  (5).  The  resulting  it  shown  in  Fig.  I 
for  zero  Landau  level  width  and  no  localisation.  The  broad  plateaus  are  seen 
at  low  temperature ,  and  a*  T  increases  to  k^T/ftw^ -0 . 2  they  disappear.  This 
t ewperaC urr  dependence  is  similar  to  tl.u  seen  in  experiment  (6).  The  effects 
of  finite  hand  width  and  of  localized  states  are  such  as  to  improve  this 
agreement 

In  the  i  as*  of  Si  HOSFETa  charge  will  flow  between  the  contacts  and  the 

inversion  laver  as  a  function  of  V,,  In  many,  but  not  all,  of  these  devices 

G 

there  is  an  additional  contact  at  the  back  of  the  amr i conduct or  which  it  kept 
at  constant  electrostatic  potential  and  chemical  potential  with  respect  to  the 
channel  contacts  As  a  result  when  t ^  lies  between  Landau  levels  a  snail 
change  in  <-  005  volts  for  a  typical  device)  moves  the  next  Landau  level  to 
»r>  and  the  resulting  contribution  to  the  plateau  width  is  small  (of  the  order 
of  SI  of  the  uiesl  zero  temperature  width).  On  the  other  hsnd,  for  MOSFETs 
which  effectively  lack  such  .»  contact  to  the  back  of  the  semiconductor,  the 
contribution  of  the  present  mechanism  to  the  plsteau  width  will  be  similsr  to 
t hat  for  the  case  of  the  hetero junct ion. 

The  present  analysis  suggests  experiments  to  distinguish  the  present 
mechanism  from  That  arising  from  localized  states  as  the  origin  of  plateaus  in 
the  quantized  Mall  resistivity  These  include  contactless  conductivity 
studies  and  experiments  using  high  mobility  HOSFETx  which  do  not  have  hack 
rontacts 

Referencei 

Supported  in  part  by  OMR  Contract  Number  N000 1  48 1 VR 1 0 1 36  (T.L-B-)  snd  OMR 
Contract  Number  N00016R1K02  1 9  (h.D.rt  ) 

(1)  see  eg  Proceedings  of  the  Alb  International  Conference  on  Electronic 
Properties  of  Two-Dimensional  Sytlrm*,  ed  Frank  Stern  (North  Holland, 
Amsterdam,  1982)  and  references  therein 

285 


(2)  M.  A.  Paalanen,  D  C.  Taui,  and  A.  C.  Goaaard,  Phya.  Rev.  B  25,  5566 
(1962). 

(  1 1  ►'  yon  Klitzing,  G.  Dor da.  and  H.  Pepper.  Phys.  Rev.  Lett.  65,  656 

(1980) 

(6)  H .  L.  Stormer,  A-  ('hang,  1).  C.  Taui,  J.  C  M  Hwang,  A.  C.  Goaaard,  and 

W.  Wiegman.  Phya  Rev  Lett  50,  1953  (1983)  and  references  therein. 

(5)  A  Isihara  an.l  D.  Y  Kojim*.  Phya  Rev.  B  19,  866  (1979);  A.  Iaihara, 

Solid  State  Common  46,  265  (1983). 

(6)  H  L  Stormer,  D  C.  Taui.  A.  C.  Goaaard,  and  J  C.  Hwang,  Physics 

117B/118B,  688  (1983). 


Fig.  ».  The  Hall  conductivity  0^  versus  1/B  for  so  ideal  Ga^Al j^Aa/GaAa 
hetero junction.  o^-*n/B  is  shown  on  the  vertical  axia  where 
p  =m/nh2  is  the  uniform  density  of  states  of  the  inversion  layer 
electrons  of  effective  mass  m,  sod  wt=eB/m,  the  cyclotron  frequency. 
The  temperatures  are  given  hy  k^T/fcwc  *  001  (broad  plateaus),  0.05, 

0.2,  10  (no  plateaus)  The  chemical  potential  p  is  effectively 

constant  Spin  splitting  of  the  Landau  level*  has  been  neglected. 
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On  the  Theory  Quantum  Hall  Effect  In  2-D 
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The  Influence  of  a  point  impurity  on  the  Hall  conductivity  of  a 
finite  system  is  lnvestlqated .  It  is  shown  that  the  bound  state 
contribution  vanishes  exponent iona 1 ly  in  the  thermodynamic  limit 
for  a  completely  filled  I.andau  band. 

We  show  that  for  an  infinite  system  containing  non interacting 
electrons  and  uncorrclated  statistically  distributed  impurities 
the  isothermal  Hall  conductivity  exactly  coincides  with  the  classi 
cal  free  electron  result.  This  result  is  In  agreement  with  Streda’ 
analysis,  which  indicates  that  the  linear  response  Hall  conduc¬ 
tivity  reduces  to  the  Isothermal  one  as  long  as  the  Fermi  energie 
lies  in  an  enerqy-gap. 

Some  aspects  of  non-ergodicl ty  which  are  presumably  significant 
for  the  quantum  Hall  effect  are  discussed. 
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Experiments  concerning  geometrical  effects  and  the 

«u  n-equi  1  ibr  t\s«  behaviour  of  r  and  c  under  pulsed  current 
xx  xy 

conditions  were  performed  in  CaAs/Al^  ^  sharp 

transition  from  the  quantized  Hall  resistance  state  to  the 
classical  state  in  a  very  narrow  crit teal  current  range 
is  observed  in  when  the  Fermi  level  is  midway  between 
two  Landau  levels.  Under  this  condition  p ^  is  independent 
of  the  current  intensity.  Spike-shaped  voltage  (p  ) 
instabilities  ere  observed  just  below  end  at  the  critical 
current . 


I.  INTRODIKTTION 

The  quantized  Hall  resistance  (1)  can  be  observed  in  two-dimen¬ 
sional  elect  ton  systems  (2DES)  when  the  Fermi  level  lies  between  two 
adjacent  Landau  levels.  The  value  of  the  conductivity  component 
whu  h  is  observed  to  be  -ie?/h  (t... filling  factor)  coincides  with  the 
v.f  ue  according  to  the  classical  formula  -  -ne/B  when  the  lower  one 

of  the  two  Landau  levels  is  fully  occupied.  In  actual  samples  the 
situation  bernaies  complicated  due  to  facts  like  the  presence  of  impu¬ 
rities,  the  finite  extension  of  the  2DES  and  the  electrical  contacts. 
Attempts  to  include  these  fails  into  a  theoretical  treatment  (reviewed 
in  Reft. 2  and  1)  are  criticized  by  Hajdu  (3)  as  giving  no  conclusive 
arguments  for  the  importance  of  the  finite  dimensions  of  the  2DES(4) 

«r  for  ihe  precision  of  the  quantized  Hall  resistance  when  the  Fermi 
level  is  not  in  an  energy  gap  but  in  the  range  of  localized  states  (5, 
*>.?)■ 

The  exprnsmntal  results  on  GaAs/Al^  ^Ga^  ?A«  reported  in  this 
paper  do  demonstrate  the  effect  of  the  finite  dimensions  and  of  the 
current  contacts.  In  the  non-equilibrium  experiments  with  current 


pulses  up  to  1  mA  the  change  from  the  quantized  Hall  resistance  state  to 
the  classical  state  is  observed.  It  aleo  allows  to  locate  very  exactly 
the  magnetic  field  strength  where  the  Fermi  level  is  midway  between  two 
adjacent  Landau  levels. 

2.  EXPERIMENTAL 

The  epitaxial  CoAs  and  A1Q  ^CaQ  ?As  layers  of  standard  layer  thick¬ 
nesses  (8)  were  grown  on  Cr  doped  substrates  in  a  cowsercial  VAR LAN  Gen 
II  MBE  system.  Concentration  and  mobility  of  the  2D  electrons  were 
?xlOl*cm  2  and  1.1x10*  cm2/Vs,  respectively,  at  2.1  K.  A  Mesa  structure 
with  side  arms  was  produced  photolithographically  (dimensions  see  Fig.l). 
In  the  non-equilibrium  experiment  current  pulses  of  length  between 
2 SO  us  and  5  ms  were  applied  to  the  sample.  Current -voltage  character¬ 
istics  with  a  100  kohm  resistor  in  series  with  the  sample  were  recorded 
using  sampling  techniques.  D.C.  measurements  concerning  the  potential  and 
current  distribution  were  performed  under  constant  current  conditions  with 
drastically  different  length/width  ratioa  L/W  of  4.3  and  0.23  on  the  name 
sample.  L/W-0.23  was  verified  by  using  the  central  side  arms  of  the 
L/W-4.3  geometry  as  current  contacts. 

3.  EXPERIMENTAL  RESULTS 
3.1  D.C.  Measurements 

Recordings  of  the  Hall  voltage  VH  and  of  the  voltage  drop  in  the 
longitudinal  direction  versus  magnetic  field  are  shown  in  Fig. 1 (L/W-4. 3) . 
The  insert  shows  the  numbering  of  the  contacts.  In  the  case  L/W-0.23  the 
following  voltage  drops  are  measured  in  the  magnetic  field  range  of  the 
i "2  plateau: 

VI3  ■  V27  ■  V34  ■  °  “d  V12  ■  V37  ■  V*7  '  VHCpol-rity  ») 

V|3  '  V27  •  V47  *  0  a"d  VI2  ■  V37  *  V3*  '  VH<'K,Urit>r  »  > 
Reversing  the  polarity  of  the  current  changes  V  to  -V  but  leaves  the 

potential  distribution  unchanged.  These  results  (wan  that  the  Hall 
voltage  appears  in  one  corner  at  each  current  contact.  With  reversed 
polarity  of  the  magnetic  field  it  appears  in  the  opposite  corners. 

With  negligible  contact  resistance  theHall  voltage  is  also  observed 
between  the  current  contacts.  An  analogous  potential  distribution  is 
observed  with  L/W  •  4.3. 

These  observations  can  ba  understood  on  the  basis  of  consider¬ 
ations  of  the  potential  and  currant  distribution  in  rectangular  sam¬ 
ples  (9,10).  For  a  Hall  angle  6  -  90°  the  potential  and  current  dis¬ 
tributions  are  sketched  in  Fig. 2.  The  contacts  ara  equipotent ial 
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l in**  .ind  th*  current  direction  he*  to  be  perpendicular  to  the  electric 
field  direction.  As  4  consequence,  close  to  a  contact  the  current  lines 
-ire  parallel  to  it  and  turn  bv  90*  in  the  corner  opposite  to  the  one 
where  the  electric  field  is  highest.  This  field  corresponds  to  the  Hall 
voltaic.  The  current  would  only  flow  through  the  centre  part  of  the  layer 
if  UK'st  of  the  equi potent ial  lines  did  end  in  the  contacts.  A  consequence 
would  be  that  the  voltage  between  the  current  contacts  would  be  much 
smaller  than  the  Hall  voltage  ( V  ^  ^  *  0  ‘n  rh«*  case  L/W-4.3).  This  is  in 
contradiction  to  Che  experimental  obaervat ion# . 

1.2  Non-equilibrium  Experiments 

Figure  1  shows  the  dependence  of  the  Hall  voltage  V..  and  of  the 
longitudinal  voltage  drop  V  on  the  current  intensity  at  B-4.4T  and 
T-2. IK,  measured  2W  uS  after  application  of  the  current  pulae  (L/W-4.3). 
At  a  critical  current.  !ff,  (proportional  to  o  )  jump*  hy  about  1 
kohm  within  a  few  percent  of  increase  of  the  current.  At  T-4.2K  l£f  is 
by  10?  lower.  The  value  of  1^  is  of  the  same  order  of  magnitude  as 
measured  by  Ebert  and  v.Klitring  (II)  in  a  d.c.  experiment  on  a  com- 
parable  sample. 

Spike-shaped  instabilities  of  the  voltage  appear  at  certain 
current  intensities  just  below  1^  and  are  particularly  strong  within 
the  steep  increase  at  ltf.  Their  temporal  spacing  is  about  50-200ua 
below  lfr  and  narrower  at  I  Their  amplitude  is  up  to  about  20?  of 
the  height  of  the  voltage  pulse  >ust  above  lfr. 

The  c  jump  is  steepest  at  4.4  T  which  corresponds  to  the  Fermi 
level  Fp  being  midway  between  the  N-0  and  the  H-l  Landau  level.  The 
Hall  voltage  is  proport  ior.al  to  the  current  (constant  P^)  particularly 
also  in  the  range  where  the  jump  occurs.  The  behaviour  of  below 
IfJ.  depends  on  the  quality  of  the  contacts  as  also  reported  in  Ret.  (11). 

It  does  not  affect  the  qualitative  appearance  of  the  p  jump.  How¬ 
ever.  it  has  a  weak  influence  on  the  time  dependence  of  it.  The  strong¬ 
est  t i me  dependence  observed  was  a  decrease  of  I^r  by  32  when  sampling 
the  current  pulse  at  5  ma  instead  at  2W  us;  the  d.c.  value  of  1 

cr 

was  another  31  lower.  Increasing  values  of  p^  below  the  jump  tend 
to  weaken  the  time  dependence. 

The  spatial  distribution  of  the  jump  is  demonstrated  in 
Fig. 4,  The  voltage  drops  and  are  measured  between  potential 
probes  and  current  contact.  At  low  current  intensities  these  observa- 
tions  reflect  the  situation  of  Fig. 2.  With  the  polarity  •  the  Hall 


voltage  0ppe»TM  between  contact  6  and  1.  The  behaviour  of  V^j  and  is 
analogous  for  opposite  s^gnetic  field  polarities.  The  jump  is  not  ob¬ 
servable  close  to  the  current  contacts. 

The  effect  of  clnnging  the  magnetic  field  from  the  E^-midway  situa¬ 
tion  (fljyj)  is  shown  in  Fig. 5.  The  steepness  of  the  increase  of  is 
weakened  and  is  reduced;  is  no  longer  independent  of  Che  current 
intensity.  Above  Pxy  decreases  when  B<B^2  afld  increases  when 

B*B|/2  *PPr<>*ching  values  according  to  the  classical  formula  p^-B/ne. 

4.  DISCUSSION 

The  transition  from  tha  quantized  Hall  resistance  state  to  the 
classical  state  visible  in  is  steepest  when  the  Fermi  level  is  midway 
between  two  Landau  levels  (B^)*  Vnder  this  condition  p  cannot  change 
with  current  sinca  (quant. j-p^^Cclaasical).  In  toe  geometrical  picture 
of  Fig. 2,  this  swans  that  tha  Hall  aogla  0  changes  to  a  value  signifi¬ 
cantly  smaller  than  90°  but  atill  close  to  90°.  Consequently  the  poten¬ 
tial  distribution  changes  and  locks  to  one  according  to  the  clsssicel 
value.  In  the  middle  of  the  sample  has  to  be  finite  in  this  case 
(equiputent ial  lines  cross  the  lateral  boundaries  of  the  sample  outside 
the  region  rlcse  to  the  end  contacts  in  Fig. 2). In  the  corners  the  situa¬ 
tion  is  different  due  to  the  bending  of  tha  equipotantial  lines. Consider 
Fig. 4,  polarity  B  :At  I>lcr(Vjj)  1,0  •ddit£onal  equipotential  lines  related 
to  the  jump  of  cross  the  boundary  between  contecte  6  end  1.  For  the 
polarity  B-  the  p^  jump  is  superimposed  on  the  Hell  voltage (V^j-Vy) . 

The  following  two  facts  have  to  be  considered  for  the  interpretation 
of  the  spatial  origin  of  the  P  jimp: 

(a) Since  tha  electron  current  flows  very  close  to  the  edge  of  the  layer 
the  current  density  is  very  high. 

(b) In  the  corners  the  electric  field  is  very  high  (A  singularity  (10) 
should  not  occur  due  to  the  non-xero  value  of  pjj(). 

A  scaling  of  lcf.  with  the  width  of  the  layer,  as  approximately  observed 
by  Ebert  and  v.Klitsing  (11),  not  necessarily  proves  the  jump  Co  be  a 

hulk  effect.  It  could  nl so  be  c.msed  by  dependence  of  the  current 
di-unity (;i)  or  tlic  field  (b)on  the  width  of  the  layer. 

Possible  mechanisms  for  the  transition  of  the  2D  electrons  from 
predaaiinantly  localised  states  (Hell  plateau*)to  delocalised  etates 
(classical  behaviour)  art  impact  ionisation  by  a  email  number  of  delocal¬ 
ised  electrons  or  tunnelling  between  two  adjacent  Landau  levels.  The  time 
constants  involved  ere  apparently  swaller  then  100  Me.  The  weak  time  de- 
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prndt'ncc  nhtirvpi)  in  our  expcriwntt  cannot  be  excluded  to  be  a  theriiial 
effect  (increasing  the  lattice  temperature  decrease*  lcr). 

An  understanding  of  the  non-equi 1 ibr ium  behaviour,  particularly  of 
tin  sharp  transition  at  Bj  ,  ,,  primarily  need*  the  development  of  a  de¬ 
tailed  theory  of  the  equilibrium  Hall  effect.  Since  the  current  flows 
close  to  one  edge  of  the  layer  the  inclusion  of  edge  states  (7)  in  the 
theoretical  treatment  is  definitely  necessary.  Por  a  further  investiga¬ 
tion  of  the  temporal  development  of  the  transition  pulsed  current  experi¬ 
ments  on  a  shorter  time  scale  are  in  preparation. 
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Fig. 2  Qualitative  picture  of  the  electron 
current  (broken  line)  and  potential  dis¬ 
tribution  (full  line*)  in  a  rectangular 
sample  for  a  Hall  angle  of  90°.  The 
current  contacts  (black  areas)  cover 
the  whole  width. 


Pig. 3  Hall  voltage  and  voltage 
drop  Vj.  va  current  sampled  at  C* 
250  /is.  t-  4. 4T,  T-  2.  IK. 


Fig. 4  Longitudinal  voltage  drops 

Vtl  and  V..  va  current  for  both 
51  61  4  _ 

field  polarities  B  and  B  .  B* 

4.  AT,  T-  2.  IK,  t-  250  /is. 


Pig.  5  and  va  current  for 
different  values  of  the  magnetic 
field  (T)  in  the  plateau  region 
i-  2.  T-2.1K,  t-  250  ft*. 


2*2 


2*3 
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where  r^,  rj  t ^  (1-1,  2)  are  the  reflection  amplitudes  for  right  going  and 
left  going  waves  and  the  transition  amplitudes  through  the  1-^  barrier, 
which  represents  the  resistor  In  a  similar  manner  to  previous  works  on 
the  ID  localisation  problem  (2,)).  A  simple  model  for  the  two  splitters 
was  used  following  Shapiro  (A).  The  transmission  coefficient  ?  Is  given 
by  I F | 2.  In  the  esse  where  the  diameter  of  the  ring  Is  smaller  than  the 

appropriate  Inelastic  diffusion  length,  Its  conductance  is  given  by 
the  Landauer  formulae 


The  transmission  coefficient  of  two  terminals  of  an  effectively  one- 
dlsenalonal  (ID)  ring  with  arbitrary  scatterers  in  calculated  exactly  as  a 
[ uo.  t ion  of  enclosed  magnetic  flu*,  ♦.  At  low  temperatures,  where  the 
inelastic  diffusion  length  Is  larger  than  the  size  of  the  ring.  Its  con- 
iurtanre  follows  from  the  Landauer  formula-  Osri list loos  of  the  conductance 
ui  a  function  of  the  characteristics  of  the  scatterers  and  of  t  are  found. 
The  period  of  the  oscillations  in  the  magnet oreslstance  la  hc/e,  though 

tot  weak  scattering  higher  harmonica  may  develop.  The  oscillations  persist 
even  when  the  elastic  scstterlng  is  strong.  A  consequence  of  this  cal¬ 
culation  Is  t hr  inapplicability  of  the  classical  addition  of  resistances  in 
(tie  quanta  case.  Condi  lions  for  the  observsbl  11  ty  of  these  ef facts  sre 


Wf  consider  the  qusntimi  conductance  of  two  effectively  one- dimensional 
(ID)  parallel  resistors,  which  is  equivalent  to  two- terminal  ring  geometry 
i sec  rig.  1).  The  complex  transmission  amplitude  of  this  device  was 
rscently  calculated  in  Ref,  1  end  is  given  by 
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Let  us  first  consider  the  case  with  no  magnetic  flux  (*-0) -  Even  in  this 
case  l'  may  exhibit  oscillations  as  a  function  of  the  phases  of  the  t's  and 
r's-  In  Pigs.  (2)  we  show  some  representative  results  of  the  dependence 
of  ^  on  the  relative  phase,  a  .between  t  ^  and  t^,  Cot  various  magnitudes 
of  tj  and  t2(note  that  r ^ ,  t*  arc  detsrminedup  to  a  phase  by  |  1 2+|  |  2-l 

and  by  -  ri/ri*^  •  In  the**  figures  we  chose  tj,  lr^  and  Ir'j  to 

be  real,  and  t^-  It^l  cxp(ln).  We  note  the  substantial  oscillations  as 
a  function  of  a.  For  a  given  value  of  the  larger  |tj  these  oscillations 
are  in  general  largest  when  |t^|  -  tt^l.  Even  when,  say,  «  |t^|, 

the  oscillations  persist  and  may  be  quite  large.  It  turns  out  that  for 

these  quantum  systems  the  combined  reels tanee  of  two  parallel  resistors 
is  In  many  cases  emaller  than  expected  from  Ohm's  lav.  In  fact,  the 
addition  of  a  parallel  larger  resistor  with  tbe  same  phase,  a,  makes  the 
combined  resistance  larger  than  that  of  tbe  original  (amaller)  resistor. 

For  the  case  of  equal  resistors,  R,  when  o-O  the  combined  parallel  re¬ 
sistance  la  I.  Likewise  we  have  foiaid  that  the  enelleet  resistance  of  n 
parallel  resistors  each  having  a  resistance  R,  with  a  similar  sywetry 
splitter,  Is  also  equal  to  R. 
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These  observations  suggest  interesting  effects  of  the  temperature 
(,or  other  piuue  breaking  mechanisms)  dependence  of  the  combined  resistance. 
Once  t^,  berimes  such  smaller  than  the  size  of  the  ring,  the  cosaaon  parallel 
Ohm1*  L*w  should,  or  course,  apply.  Thus,  a  decrease  of  the  resistance 
with  increasing  temperature  is  expected  In  wny  cases.  This  say  offer  a 
partial  explanation  for  the  "negative  TOT  obtained  in  the  localization 
theory. 

Me  now  turn  on  a  magnetic  flux,  t.  In  general  T  is  periodic  with  s 
period  although  one  can  find  apeclfic  conditions  to  enhance  the  effect 
of  the  higher  fiansonii*  and  turn  the  effective  periodicity  into  *q/2. 

Our  effect  is  thus  different  from  the  one  reported  in  Refs. (5)  and  (6). 

In  Fig- I'D  we  show  the  dependences  of  ?  on  6  •  f°r  w**'ious  values 

of  the  t's.  The  combined  resistance  of  two  equal  parallel  resistors,  R, 
with  equal  phases  at  a  zero  magnetic  flux  (u-0)  ,  oscillates  as  a  function 
ui  6  between  R  and  « .  Again  tor  a  given  value  of  the  larger  |t>  these 
.•dilations  are  in  general  Largest  when  jt^j  •  |tji  (Mgs.  3a,  3c). 

When  I t^|  <<  Itj.,  the  oscillations  in  ^  still  persist,  but  they  are  of 
the  order  of  •  t  ^  1  *7  tji^  (Fig.  3b).  In  ill  these  rases  tl*e  combined 
resistance  Is  larger  than  the  value  expected  from  Oha'a  law.  The  sensiti¬ 
vity  of  the  oscillations  to  a  Is  exemplified  In  Figs.  (3d-g) .  The  shallow 
minimum  in  T  (Fig. 3s)  weans  that  higher  harmonica  have  developed.  For 
very  large  It^i.  varying  u  introduces  a  clear  second  harmonic  (periodicity 
of  s^/2).  don't  knew  whether  this  build-up  of  the  second  harmonic 

io^tj.  .  l  is  related  to  the  week  scattering  llnlt('>)  in  which  the 
periodicity  ie  M2,  Clearly,  higher  harmonics  are  also  possible.  A 
full  understanding  of  the  dependence  of  the  oscillations  on  tfw  parameter* 
must  await  further  study. 

The  experimental  call  lability  of  the  above  effects  Is  discussed  in 
■ef.  (1).  it  was  arged  that  with  the  preeent  eval  lable  techwlogy  it 


should  be  possible  to  detect  the  oscillations  studied  here.  We  eaphesize 

that  a  20  semiconducting  ring,  such  as  a  WSITT  ring  with  a  width  of  a  few 
o 

hundred  A,  night  be  suitable  for  the  observation  of  these  effects.  Snail 
measuring  currents  arc  needed  due  to  the  necessity  not  to  best  the  electrons 
end  the  requirement  that  the  generated  field  E  will  be  such  that  the  length 
(?)  t£  -  (tiD/eE)  i,c  iargcr  than  the  ring  diameter.  Small  currents 

will  also  reduce  the  number  of  elect  so  ns  participating  la  the  process.  To 
avoid  electron-hole  Interference  effects  one  may  use  systems  where  one 
type  of  carriers  is  Localised  or  is  less  mobile.  This  happens  e.g.  for 
donor  Levels,  and  may  also  be  achieved  by  appropriate  band  structure  effects. 
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IXMUL £  Captions- 

FI  a  •  1 .  Schematic  picture  of  the  system  *  la  the  Magnetic  flux  through 
the  system. 
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Fig.  3.  The  transmission  coefficient  as  a  function  of  the  magnetic  tlux, 
represented  by  9. 
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THE  COMPLEX  CAP  AC  IT  WCt  Of  SI  INVERSION  LAVERS  IN  THE  QUANTIZED  RESISTANCE 
REGIME 

L.  C.  Zhao",  B.  B.  Goldberg,  0.  A.  Syphers  and  P.  J.  Stiles 
Brown  University,  Providence,  Rhode  Island  02912,  USA 

ABSTRACT : 

We  report  the  results  of  en  examination  of  the  complex  capacitance  of 
SI  Inversion  layers  at  low  temperatures  and  KHz  frequencies  In  the  quant¬ 
ized  resistance  regime.  We  also  discuss  the  results  for  the  capacitance 
without  a  magnetic  field  and  In  a  non- quant lx  I ng  magnetic  field.  We  find  that 
the  one  dimensional  diffusion  model  as  dlscussad  by  Stern  Is  adequate  for 
the  discussion  of  the  latter  cases,  but  does  not  describe  the  quantizing 
rase.  A  description  Is  given  which  mey  be  a  basis  for  deriving  the  density 
of  states  and  the  contribution  of  both  the  localized  and  extended  states. 

The  study  of  the  quas 1 -two  dimensional  electron  gas  In  Inversion  layers 
has  a  long  history  [ 1 J,  CZJ-  The  earliest  studies  were  of  the  Shubnlkov-de 
Haas  effect  (SdH).  Later,  results  from  magneto-capac I tance  experiments  were 
reported  [3j,  [4].  The  recent  observation  of  the  quantized  Hall  effect  CO 
has  brought  additional  focus  on  the  properties  of  such  systems.  Most  Informa¬ 
tion  on  the  density  of  states  has  been  determlnad  f re*  the  SdH  effect,  a  non- 
•qulllbrlua  property  of  the  electron  gas.  The  recent  observations  of  the 
de  Haas-Ven  Alphen  effect  [6j  In  a  SI  Inversion  layer  and  In  a  (Ga, Al )As/GaAs 
multilayer  structure  [7]  are  expected  to  give  Information  on  the  density  of 
states  via  the  study  of  the  magnetization,  an  equlllbrluw  affact. 

The  capacitance  and  Interface  condu  .-fence  of  MOS  structures  have  been 
widely  studied  [8j  under  the  usual  conditions  of  no  magnatlc  field  at  room 
temperature.  The  technique  has  been  very  useful  In  determining  the  density 
of  states.  However,  until  recently  little  work  has  baen  dona  under  the 
conditions  of  our  experiments  [9j. 

Voschenkov  and  Zemel  [4]  (VZ)  examined  the  magneto-capacitance  of  Inver¬ 
sion  layers  In  SI  at  low  temperatures.  They  studied  the  complex  admittance  of 
circular  SI  NOSFETs  at  Wtx  fraquenclas.  The  admittance  exhibited  structure 
due  to  the  quantization  of  the  two  dimensional  electron  ges  Into  highly  degen¬ 
erate  Landau  levels.  The  low  density  of  states  at  the  Fermi  level  In  between 
Landau  levels  results  In  a  large  reduction  In  the  inversion  layer  capacitance 
(really  the  differential  capacitance)  and  hence  In  the  total  capacitance. 
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While  exploring  both  the  real  and  Imaginary  part  of  the  magneto-capac I tance, 

VZ  did  not  analyze  In  detail  the  results  due  to  the  Landau  levels  per  se.  They 
Illustrated  that  this  complex  capacitance  Is  a  strong  function  of  frequency. 

We  have  shown  previously  that  the  picture  of  the  charging  and  dis¬ 
charging  of  the  Inversion  layer-gate  capacitor  Is  of  a  one  dimensional 
diffusive  nature  when  /s  H  Is  less  than  one.  These  results  are  Illustra¬ 
ted  In  fig.  1.  The  behavior  of  the  real  and  the  Imaginary  parts  of  the 
cepocltance  as  a  function  of  the  parameter  fRC  Is  within  a  few  percent  of 
that  predicted  by  Stern  In  his  treatment  [10].  He  uses  whet  Is  essentially 
a  one  dimensional  diffusion  (1DD)  model.  It  Is  Important  to  note  that  In 
this  treatment  the  ratio  of  the  real  part  to  the  Imaginary  part  at  the  peak 
Is  about  T.4,  and  Is  about  one  for  all  greater  values  of  fRC.  Our  results 
for  both  linear  and  circular  samples  Indicate  that  the  ratios  In  the  above 
regions  may  be  as  large  as  lOOx  that  expected  from  the  Stern  model. 

The  samples  that  we  used  had  oxide  thicknesses  between  500  and  2000  A 
2  2 

and  dimensions  ranging  from  600  x  200  yum  to  500  x  3750  /m  .  Peak  mobili¬ 
ties  ranged  from  3000  to  12000  cml/V-s.  The  capacitance  was  measured  from 
10  Hz  to  1MHz  although  we  focus  on  the  results  between  1.5  kHz  to  65  kHz  In 
this  report.  Data  was  taken  with  magnatlc  fields  as  high  as  8  T  and  at  temp¬ 
eratures  as  low  as  1.2  K. 

The  source  and  substrate  are  connected  and  the  dral n  I s  connected  to  the 
source  via  a  meal  I  resistor  to  measure  the  conductance  of  the  sample.  The 
capacitance  Is  measured  between  the  common  connection  and  the  gate  under 
computer  control.  The  computer  records  the  gate  voltage,  real  end  Imaginary 
components  of  the  capacitance  signal  and  the  conductance  In  real  time. 

The  results  In  the  quantized  resistance  region  ore  distinctly  differ¬ 
ent  than  those  In  other  regions.  For  the  long  samples  we  plot  the  real  and 
Imaginary  parts  of  the  capacitance*  Cfeg  and  Cm  ,  and  the  afelttance  versus 
magnetic  field  for  three  densities  In  fig.  2.  The  resistances  In  all  three 
cases  are  low  enough  that  we  are  In  the  low  fRC  region  of  fig.  1.  Negative 
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•agna+orws I  stance  Is  soon  In  the  admittance  curvo  of  low  Holds  and 

is  appropriately  reflected  In  the  capecltance.  This  relative  behavior  be- 

tween  C^e,Cim  and  admittance  which  Is  designated  as  normal  behavior,  holds 

for  magnetic  fields  less  than  about  6T  (*H  <  1.9).  However,  above  that  field 

the  results  are  strlcklngly  different.  Notice  the  opposite  behavior  of  CR£ 

II  - 

and  C | m  for  1  -2  with  the  peak  In  admittance  for  n“7.2*t0  da*/V-s.  This  Is 
the  anomalous  behavior  observed  In  the  quantized  resistance  (QR)  region. 

In  fig.  3  we  plot  the  same  pareoatars  at  fixed  magnetic  field  versus 
tilling  factor  .  Notice  that  temperature  smears  the  behavior  of  all  three. 
Although  we  are  on  the  lw»  fRC  side  of  the  C|M  peek,  there  Is  a  peak  In  C|M 
at  1*2,4 .  For  l»3,  there  Is  a  weaker  peak  In  admittance  and  one  observes 
a  peak  In  Qg  and  a  ml  nun  cm  In  C|M,  the  normal  behavior.  Such  has  not 
been  seen  previously.  Not*  the  character  I  Stic  peak  In  C|M  at  1-0.3. 

There  Is  no  character  I stlc  structure  at  M  at  this  field  and  temperature. 

The  results  for  the  short  samples  show  that  the  Imaginary  part  of  the 
capacitance  Increases  In  the  QR  region  as  expected,  and  often  exhibits  the 
double  hump  structure  shown  |r  fig.  4.  Host  samples  exhibit  more  symmetric 
structure  than  the  on*  chosen  for  this  figure.  W*  assert  that  the  resistance 
Is  symmetric  about  the  minimum  In  Cre,  and  tharefore  the  maxlmun  In  C|M  on 
eltnar  side  of  the  minimum  In  Cp£  (double  hump  structure)  Implies  we  are  near 
the  max t aim  In  C|M  versus  fRC.  Vet,  the  measured  dc  resistance  Is  low,  much 
lower  then  any  resistance  calculated  with  the  application  of  the  IDO  model. 

In  the  regime  where  fnH  <  1,  It  appears  that  the  only  deviations  from 
the  IDO  model  ere  caused  by  localized  states.  For  the  QR  regime  the  behavior 
is  much  different.  Me  show  Cre,  fRC  end  R  as  a  function  of  f  In  a  log  log 
plot  In  fig.  3.  First  notice  that  the  values  of  fRC  end  Cre  are  only  weakly 
dependent  on  t.  Me  arrived  #t  thla  value  of  fRC  by  Inverting  the  ratio  of 
Cfg  to  C|M  vie  the  Stern  model.  He  obtained  R  from  the  values  of  Cre  and  fRC. 
However,  the  measured  value  of  R#^  la  12  kO .  The  R  derived  above  varies 
about  ea  f~(  ,  not  unusual  for  conduction  via  local  lied  state*.  In  compering 


Stern's  value  of  R  frem  fRC  at  the  peak  In  Cm  to  the  value  calculated  from 
our  data  at  60  kHz,  we  see  that  the  former  Is  about  lOx  larger. 

At  10T,  the  extended  states  are  apt  to  be  a  few  meV  below  the  Fermi 
energy.  Thus  the  empty  states  at  the  Fermi  energy  require  tens  of  kT 
activation  energy,  and  hence  the  Inversion  layer  cannot  be  charged  rapidly 
via  the  extended  states.  We  conclude  that  In  the  QR: 

1.  The  only  charging  of  the  Inversion  layer  Is  via  the  dl&sapatlve 
localized  to  local  I  zed  state  conduction  process; 

2.  The  similar  results  for  long  and  circular  samples  further  confirms  that 
Rgd  plays  little  If  any  role  at  low  temperatures  end  at  moderate  to  high 
frequencies; 

3.  There  Is  a  critical  value  of  /*H  or<j£t  which  Is  necessary  for  the  QR 
regime.  It  appears  to  be  about  1.3.  Below  this  value  the  capacitance 
behaves  normal ly; 

4.  Real  structure  exists  at  the  1*3  valley  splitting  end  the  observed 
normal  behavior  Indicates  that  under  the  present  conditions,  extended 
states  ere  at  least  within  a  few  kT  If  not  at  the  Fermi  energy; 

5.  To  explain  our  results  we  probably  need: 

a.  To  treat  the  system  as  Involving  a  two  dimensional  diffusion  flow; 

b.  A  proper  treatment  of  the  capacltrnoe  of  localized  states; 

c.  A  resistance  for  charging  of  the  localized  states  that  has  R 
for  an  open  structure. 
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Us*  of  Capacitance  Techniques  in  the  study  of  TOo-Oiseneional 
Uyera  in  Silicon  NOSTETs 

R.  R.  Goodall.  R.  .7.  Higgins,  J.  P.  Harranq, 

University  of  Oregon* 

Capacitance  techniques  have  been  developed  to  study  the  density 
of  states  and  conductivity  tensor  components  In  the  n-type 
inversion  layer  of  SI  NOSPETS  at  T-l  .  4JC  and  B-9T  using  both 
Corblno  and  bar  gso— tries.  As  first  demonstrated  by  Kaput  and 
bsal1,  the  capacitance  signal  shoes  radical  fluctuation  when 
the  Psnl  level  is  between  landau  levels,  even  where  th« 
conductivity  vanishes.  In  order  to  extend  the  technique  to  etudy 
the  Quant im  Ball  Effect  a  model  for  the  device  which  relates  tbs 
real  and  i — q inary  parts  of  the  capacitance  signal  to  the  density 
of  states  is  used  to  test  various  fores  for  D(E)  as  well  as  fit 
the  level  broadening.  The  analysis  is  also  applied  to  apparent 
changee  in  the  localised  state  density  that  are  observed  when  a 
substrate  bias  is  applied. 
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nLLuT  3CATT*»dINb  LIMIT-ID  MOBILITY  QY  TWO  DI K2N3XOHAL  WLBCTHCN 
OA3  PCKKBD  IN  In^j  0*0.47 

T.k.  Baau  and  B.ii.  No<t 

CAS  in  dadio  Phyoicc  and  »il*  c  t  roni  cb  ,  University  of  Calcutta 
V2  Achan’a  Prafulla  Chandra  dead,  Calcutta  700  009  INDIA 


A  theory  of  alloy  scattering  of  2DBQ  la  developed. 
Cal  oul  ut  iono  for  In^  Oa^  ...  Ae  indicate  that 
alloy  oc  at  to  ring  is  more  dominant  than  impurity  and 
n..  rface  roughness  scattering  and  the  calculated 
motility  at  4.2  a  comes  cloos  to  the  experimental 
value . 


l  .  Intfj-huctju!, 

In,.  ^ 7 As  is  conoidered  to  be  a  prospective 

material  for  extending  the  frequency  range  of  operation  of 
Te<.-da  wnoioiuu  Electron  Oao  PitTs  (TdUFNTs)  (l)  as  the  bulk 
saturation  velocity  iu  the  highest  (?)  in  this  material, 
electron  t ronopo :d  in  YDdii  in  2n<?aA«  ie  Xne reform  receiving 
extensive  attention  and  recently  kaatalexy  ot  al  (3)  have 
presented  the  mooility  values.  The  2Dkli  in  the  InOaAs  is 
separated  from  impurities  in  a  doped  InAlAe  layer  by  an 
undcped  opacer.  The  2D  concentration  and  mobility  are  found 
to  be  indopendf  r.t  of  temperature  from  2  to  77  I  and  the  oobi- 
l.ty  at  4.2  k  ia  aouut  9.3x10*  Sines  at  low 

tewij  ra .  u  res  pnonon  scattering  ic  insignificant  and  the  role 
of  impurity  scattering  to  reduced  by  the  spacer,  the  mobility 
i  o  expected  to  be  limited  by  alloy  and  surface  roughness 
Bcr*  to  ring  •  The  theory  of  alloy  scattering  of  2DAG  is  not, 
however,  available  in  the  literature.  In  this  paper,  wo 
■  ‘.-*ve  wonted  out  a  theory  of  alloy  scattering  of  2DMU  and 
applied  the  theory  to  estimate  the  role  of  alloy  aenttering 
in  comparison  to  impurity  and  surface  roughness  scattering 


in  limiting  the  mobility.  The  theory  and  tne  results  are 
presented  below. 

2.  Tb.onr 

We  assume  that  the  2Du»Q  occupy  the  lowest  subband  and 
the  Wavs  function  of  the  electrons  is 

V-  S''1*  b*)’1*  -t.  *xf>(-bx/t)**Hi£.r)  (i) 


3  is  the  surface  area  and  b  is  the  variational  parameter  (4). 
The  scattering  potential,  which  Is  the  difference  of  the 
aotual  potential  at  site  A  or  B  and  the  perfeotly  periodic 
virtual  potential,  lo  assumed  to  be  a  spherically  symmetric 
square  well  with  height  AM  and  radius  rQ  (5,6).  The  poten¬ 
tial  at  ( r,  a)  due  to  a  well  at  (r^s^)  m*Jr  b«  expressed  as 


V(r.z) 


Z  ZkAE 

i 


r°yr-  n  -  M  (2;  t  r.)  3  [if  (r.r; ) } 


( 2/ 


where  is  the  Beaoel  function  of  first  order  (7)  and  H  is 
a  step  function  (  H(x)  a  0  (l)  for  x<(>)  0  ) 


The  total  transition  probability  from  a  state  to 
another  atute  "k'  may  be  written  by  using  Bqs.(l)  and  (2)  ao 


(3) 


where  N  is  the  number  of  sites  per  unit  volume  sad  the  A  and 
B  sites  in  the  crystal  are  assumed  to  be  randomly 

distributed  in  the  ratio  xil-x.  Also 

PC*;)  *  -5-- C  l>  *** *£**♦ 'Si*1)*3’]14?  U! 

3xm  y*kr,  i  3,-  3-*r. 

When  the  radius  r^  is  small,  qrQ  40,  and  J  ^  (  x)  At  (  x/2)  (7). 
One  then  obtains  for  the  relaxation  time 
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m* (Jlfr1)1 


fcT> - iT5-*  f  Ptm°  XL1 

Calculation  of  nobility  unn<  T  (  k)  is  standard  (8)  and  the 
mobility  ia  ind*;«nd*nt  of  t e itrpe rature  . 


'We  have  made  an  estimate  of  the  nobilities  limited  by 
alloy,  imparity  ami  surface  roughness  scattering  by  using 
.*q.(5)  and  the  expressions  given  by  Takeda  et  al  (9)  and  by 
Ando  (lo).  The  following  values  of  parameter#  are  used  i- 

m*  =  0.04  2  mQ;  «(ln0aA.a)  -  13.78«o;  e(lnAlAa)  -  12.65€0i 
hb  .  10,S  o.'3!  .  bo  %;  &  .  15  i:  A.  4.3  i  i 

»M  .  0.42  .V;  ro  .  (  Vl/4)»o;  «c  .  5.868  i 

In  the  above,  is  the  donor  concentration  in  InAl As , 

Jtj  is  the  thickness  of  the  spacer,  d  and  A  sure ,  rsspeotiv  <ly, 
the  Mun  square  height  ai.d  lateral  spatial  dsaay  length 
connected  with  surface  roughness  ( 10)  and  acie  the  lattice 
constant.  The  values  of  d  and  A  correspond  to  Si-SiO^ 
interface  end  we  have  taken  these  values  in  the  present  case, 
in  the  absence  of  any  other  reported  values. 


The  calculated  values  of  mobility  as  a  function  of  2  D 
concentration,  presented  in  Fig.1,  indicate  that  impurity 
scattering  limited  mobility  is  about  10  times  and  the  surface 
rough n* os  scattering  limited  mobility  lo  about  2b  times  higher 
tr.an  the  alloy  scattering  limited  mobility  in  the  experimental 
condition  7x10^  cm”2).  This  observation  and  the  fact 

t.iut  the  experimental  mobility  is  independent  of  temperature , 
Indicate  thut  alloy  scattering  is  the  most  dominant  process 
in  the  experimental  situation. 
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There  exists  in  the  literature  a  good  deal  of  contro¬ 
versy  (24.1)  about  the  choice  of  the  potential  AS.  In  the 
bul4t,  its  value  ie  determined  from  the  best  fit  to  either 
the  low  temperature  ohmic  mobility  or  the  high  field  mobility 
data.  The  low- temperature  ohmic  mobility  ie  influenced  aleo 
by  impurity  eoattoring,  the  strength  of  which  cannot  ba 
ascertained  oorraotly  due  to  unoertainty  in  the  value  of 
compensation  ratio.  This,  in  turn,  make  a  the  tstiute  of 
AS  quite  uncertain.  The  above  results  for  2D  systems, 
however,  indicate  that  a  proper  analysis  of  2D  mobility  may 
lead  to  a  better  estimate  of  AS,  or  at  least  of  the  produot 
(AS  r0)  •  A  correct  estimate  of  this  product  by  using  the 
present  analysis  ie  not  possible,  since  in  the  experiment, 
two  eub bands  are  populated.  If  we  assume,  however,  that 
Intersubband  scattering  la  absent  and  the  mobilities  in  two 
eubbande  are  equal,  the  above  values  of  AS  and  rQ  give  a 
close  agreement  between  calculation  and  the  experimental 
value  at  4.2  K.  (indlcatod  by  a  dot  in  Sig.l). 
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PiC.  1  Mobilities  Halts d  by  alloy  (  Halioy  ^  ' 
iapurity  (  J*±mp  )  snd  surf aos  rou^usas 
(  )  scattering  in  2ZV0  fora sd  in 

IHq  ^  Qa^  ^  la  tt  4.2  I  m  a  function 
of  28  concentration  (n2S).  The  szpsrias n~ 
tal  wslus  is  indioatsd  by  a  dot. 
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H«r*.  and  ^  *re  the  h  lgh- f  requvncy  And  static 

permittivities.  The  ouaentum-relaxAtion  rat*,  r,  is  normalized  In 
the  sam  wnner .  As  Ln  the  2-D  cast,  the  1-D  results  Arc  clearly 
dominated  by  the  for*  of  the  (tensity  of  states,  the  onset  of  Mission 
being  very  abrupt.  At  the  onset  of  Mission  there  is  an  equal  amount 
of  forward  and  backward  scatters  indeed,  Wr  (Mission)  is  unity  at 
this  point.  This  aeans  that  for  quantum- veils  there  will  be  aore 
equal  forward  and  backward  scatter  at  the  onset  of  Mission  than  in  the 
bulk.  As  in  the  2-D  case,  the  disparity  of  scattering  rates  above 
and  below  the  threshold  for  emission  supports  the  possibility  of  an 
intrinsic  negative  differential  resistance  (4). 

ror  larger  well  widths  inter -sub-bend  scattering  will  occur 
at  lower  kinetic  energy.  Figs.  3  and  4  (2-D  and  1-D  respectively) 
show  the  in tr a- sub-bend  contribution  to  the  polar  node  total  rate 
for  an  electron  in  the  lowest  but  one  sub-band  for  a  wider  well. 

It  is  clear  that  intxa- sub-band  scattering  is  dominant.  However, 
due  to  the  form  of  the  density  of  states  associated  with  transitions 
in  the  1-D  well,  inter -sub-band  scattering,  unlike  the  situation  ln 
20,  actually  becomes  dominant  for  the  threshold  energies  for 
scattering  to  higher  sub-bands. 

A  calculation  of  the  lntra-sub-band  polar  node  momentum  relaxation 
rate  associated  with  absorption  for  1-D  wells  utilizing  the  aomentum 
conservation  approximation  of  (1)  had  previously  indicated  that  this 
may  be  negative,  end  this  curious  result  is  investigated  in  sore  detail, 
rig.  5  shows  the  variation  of  intra-sub-band  scattering  and  mamentw 
relaxation  rates  (absorption)  with  E0S^W0'  appropriate  for  an 
electron  with  thermal  anergy  at  130°K  ln  GaAs.  For  well-wldtha  such 
that  E^/Rw^  '  0.4)3  inter -sub- band  scattering  is  permitted,  so  this 
section  of  the  graph  is  not  indicative  of  the  total  scattering -rate . 
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However  for  E^/IJw^  in  the  range  0.4  33  to  1.32  the  model  predicts 
that  the  aoBentua  relaxation  rate  is  indeed  negative.  This  Implies 
that  for  snergiss  below  the  Mission  thrsshold,  for  a  range  of  well- 
widths,  the  electrons  say  gain  momentum  on  average  from  the  lattice 
before  rapidly  loosing  their  momentin  upon  reaching  the  emission 
thrsshold.  This  suggests  a  relationship  with  1-D  charge  density 

waves  (5)  in  the  non-degenerate  limit.  The  effect  appears  simply  to 
arise  out  of  the  bias  in  favour  of  forward  scattering  which  is 
characteristic  of  polar  scattering . 
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Pig-  1;  Polar  optical  mode  scattering  rates  (solid  lines)  and 
■omantM-rslaxation  rates  (broken  lines)  as  s  function  of  kinetic 
energy  relative  to  the  lowest  sub-band  minim vs>  for  an  electron  in  the 
lowest  sub-band  of  a  quasi-2-D  well.  The  bulk  curves  for  scattering 
rate  and  eoetnttm  relaxation  rate  are  indicated  by  the  upper  and  lower 
dotted  lines,  respectively. 
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Mg.  2.  Polar  optic* l  sods  scattaring  ratas  (solid  Unas)  and  aoaantum- 
^•l***tion  ratas  (brokan  Unas)  as  a  function  of  kinatic  energy  ralativa 
to  tha  lowest  sub-band  ainiaua  for  an  alactron  In  tha  1  ova  at  sub-band 
of  a  quasi- 1-D  vail.  Tha  bulk  curvas  ara  lndlcatad  as  In  Pig.l. 


fig .  3 ;  Polar  optical  mod*  scattaring  ratas  (solid  llnat)  as  a  function 
of  kinatic  ana rgy  ralativa  to  tha  lowest  sub-band  ainUaun  for  an 
alactron  in  tha  lowest  but  ona  sub-band  of  *  quasi -2-0  vail.  Tha 
intra -sub-band  contribution  to  tha  total  is  givan  by  tha  daah-dottad 
lina.  Tha  dot  tad  Una  dap  let  a  tha  bulk  rata. 
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Hq-  «•  Polar  optical  rod#  • cat taring  ratas  (solid  linss)  as  a 
function  of  kinatic  anargy  ralativa  to  tha  lowast  SUb-band  ainim*  for 
an  alactron  in  tha  lowast  but  ona  sub-band  of  a  quasi -1-D  wall.  Tha 
intra -sub-band  contribution  to  tha  total  is  giv«n  by  tha  daah-dottad 
lina.  Tha  dottad  lina  dapicts  tha  bulk  rat a. 


rig.  5:  Intra -sub-band  scattaring  ratas  (solid  linss)  and  intra-sub- 
band  aouantua- relaxation  ratas  (brokan  ltnas)  as  a  function  of 
for  an  alactron  in  tha  lowast  sub-band  of  qua si- 2 -D  and 
quasi- 1-D  (L^t^)  walls.  For  tha  2-D  wall  ■  0.3,  and  for  tha 

1-D  wall  /hwo  •  0.3.  Tha  dottad  portion  of  tha  curvas  indicate 

-K 

tha  range  where  in  tar -sub-band  scattering  is  also  permitted. 
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INTERBANO  SCATTERING  IN  MOBILITY  IN  GaAs-GaAlA#  HCTEROSTRUCTWtS 

Nguyen  Toan  Thang(e),  G.  Fishwan 

Group*  d#  Physique  des  Solid**  d*  I'E.N.S.,  Universite  Pari*  VlX, 
2  plac*  Jussieu 

F- 75251  Pari*  C*d*x  05,  Franca 


The  energy  Ifvfli  and  th*  wave-functions  of  GaAs-Ga^Al^ As 
h#t fro* true tures  ar*  quit#  different  fro*  ‘hose  of  Multiple  quantu#  wall*:  for 
an  01  concentration  below  about  0.25  and  for  standard  densitie*.  Many  subband* 
are  below  the  Ferei  level,  «o*e  of  thee  are  Mainly  in  GaAlA*  and  th*  other* 
aainlr  in  GaA*.  Ue  present  reilistic  calculation*  of  th*  Mobility  in  this  case 
»*  »  function  of  donor  concentr it  ion  and  buffer  width.  Th*  interband 
•»r  at  ter  mg  lower*  th*  wobilit\  by  a  factor  of  three  when  th*  spacer  thickness 
:*  .'HO  but  only  so**  tens  c*f  percent  when  the  spacer  thickness  is  100  X. 

1,  Introdui  tion 

Th*  influence  of  spacer  width  on  aobility  is  ’tow  well  understood  in 
eul’itle  yjintua  well*.  In  that  case  the  calculation  i*  pad*  easy 

t  *■•  «u*e  th*  wav*  function*,  winch  ”orr  e*f.ond  to  bound  energy  levels  of  a 
IU  »'»h|M  «»U  have  a  r. »m,  l<-  l  a.e:  the  electrons  are  Mainly  inside  th*  guantuM 
well,  and  m  fact  the  calculation  is  .*r  Much  siopllfied  if  th*  probability 
■f  find,  k-j  »'•  *.’**  tro»  ■j.t-.idi  th*  well  is  astuwed  negligible,  which  i* 
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reasonable  in  a  quant um  well.  Because  of  *his  shape  the  aobility  calculation 
taking  into  account  the  intersubband  scattering  is  tedious  but  not  difficult. 

It  is  worth  noting  that  for  usual  electronic  densities  at  oost  th*  two  lowest 
subbands  (so-called  "0*  and  M*>  can  be  populated. 

The  situation  can  be  quite  different  in  a  siMPl*  heterostructur*  if  the 
A1  concentration  x  is  below  about  0.25,  so  that  freeze-out  should  not  be 
expected  in  th*  GaAlA*.  Let  us  recall  briefly  the  geooetry  of  the  staples  of 
interest.  The  donors  ar*  located  between  2  B  0  and  z  *  d^  (we  keep  th*  usual 
notation  of  guantuw  wells)  in  GaAlA*.  Between  z  ■  da  and  z  '•  d_  ♦  d^  there  is 
th*  undoped  spacer  layer  (always  in  GsAlAs).  Beyond  z  *  d^  ♦  dj  the  GaAs  laye* 
begins  up  to  the  total  saaple  thickness  d^  ♦  ♦  d^  .  Contrary  to  the  iuantua 

well  case,  th*  electrons  are  only  in  a  narrow  channe1  of  th*  GaAs  near  the 
interface  between  GaAs  and  GaAlAs.  Ue  have  taken  the  conduct ior  band 
discontinuity  4 E#  ■  0.22  eV,  d^  *  400  A  and  >J^  ••  0,  50,  and  100  X,  and  for  the 
potential  we  have  taken  the  boundary  conditions  that  V  -  0.1?  ®V  'or  -  -  0, 
and  v  ■  •  0.2  eV  at  z  »  d^  ♦  d3  ♦  2200  A.  As  shown  in  Ref.  4,  there  can  be 

a  lot  of  energy  levels  below  th#  Ferei  level.  Th#  aiw  of  this  contribution  is 
to  show  how  a  Mobility  calculation  can  be  Made  in  practice  in  such  1  case  and  ^^-* 

to  point  out  the  Main  differences  froe  a  quantuw  well. 

2.  Method  and  results 

In  principle  we  should  take  into  account  all  th#  levels.  However,  on  th** 
one  hand  only  two  of  thee  correspond  to  wav#  functions  Mainly  centered  in  GiA* 
and  on  the  other  hand  ‘.he  Mobility  in  G*AlAs  is  '  nown  "■)  *0  '  e  "#ak  in 
comph  ison  with  that  of  GaAs.  Then  a  calculation  without  anv  adjustable 
par  setter  treating  the  two  kind*  of  electrons  (in  GiAs  and  *n  GfAMs'  on  the 
saoe  footing  would  have  no  weaning.  These  reasons  lead  ur-  to  take  into  account 
only  the  electrons  for  which  the  wave  function  ;s  inir.lv  *n  ••  lAr  assuMing  ‘hi* 
the  electrons  in  GaAlA*.  give  a  negligible  cont»  ihution  to  the  Mobility. 

Furtherwore  we  can  mi  *hat  ill  donor*.  ir-»  *:tiv#  'oti’oeb  -citt«n*r- 
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nor  that  th*  number  o f  don<>'  *■  is  #iu»l  to  the  numb#'  of  #r#e  electron*  in 
Gsfts.  This  1*  depicted  in  Fi*.  1  and  indicates  on#  of  *t>*  main  difference* 
fro#  the  wantut  -el 1  case.  I"  o» <J*r  to  calculate  the  numb**  and  distribution 
of  active  donors  in  th*  A«A1A«  we  u%#  a  classical  model  in  -hich  the 
calculated  values  of  th*  potential  at  th*  surface  of  GaAlAs  and  at  the 
GsAlhs-GaAs  interface  and  the  calculated  number  of  electrons  in  th*  ><*818* 
layer  are  combined  uith  a  Schottky  approx i nation  for  the  char9*  distribution 
to  9iv*  th*  thicknesses  of  th*  two  depletion  layers  at  the  surface  and  at  the 
doped  GaAlhs/undoecd  spacer  layer  interface.  On  th*  other  hand  the  full 
auantue  eechanical  calculation  9iv*s  th*  £jrmi  wave-vector  ne*d*d  to  calculate 
th*  mobility. 

For  quantum  wells  simple  approx ieat ions  of  wav*  functions  lead  to  a 
calculation  of  th*  sratt*rin9  tie**  and  of  subbands  «  and  1  b>  a  simple 
int*9ral •  Unfortunately  such  Mwplif ications  do  not  seem  possible  here 
especially  for  the  first  excited  subband.  In  fact  we  find  that  when  only  one 
subband  is  populated,  even  v*r>  staple  approx i eat  ions  'such  is  ^-functions) 
give  alaost  correct  results,  whereas  when  two  subbands  are  occupied,  simple 
approximations  lead  to  erroneous  results. 

Our  result*  are  shown  in  Fig.  .**  whicti  exhibits  th*  motility  a?  a 
function  of  total  donor  density  (not  is  i  function  of  electron  den*: ty '  wita 
space*  width  d^  as  a  par  awe  ter.  Coopering  with  similar  results  in  -wan  turn 
well*  w*  not*  that  <i>  th*s*  results  have  th*  sam*  dual it at iv*  features, 
•■specially  th*  relative  jumps  of  the  mobility  at  the  onset  of  population  of 
th#  first  excited  vahband  v*  4#i  rawing  when  th*  sparer  thi-kn****  i* 
increasing!  <  a  a  >  these  jumps  do  not  occur  for  th*  same  value  of  doping.  If  w* 
comp  are  our  results  with  th*  experimental  data  of  Ref.  A.  w*  lo  -ot  find  the 
saw*  electron  transfer  <ft*f.  Of  this  weakens  the  relevance  of  a  direct 
romp  art  son  between  th*  measured  and  calculated  mobility 

In  conclusion,  we  have  pointed  out  the  conceptual  differences  between  a 
mobility  calculation  in  »  multiple  quantum  well  system  *nd  l  'iwrlr 


he tero junction  structure  of  finite  sire  when  more  than  one  subband  is  tale* 
into  account.  U*  have  shown  iiow  reasonable  approvimat ions  can  simplify  n,- 
problem  and  have  presented  results  of  such  a  calculation. 
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Fi).  I:  Density  N  of  the  QaAs  Part  of  electrons  belon?in-j  to  the  channel  as  i 
function  of  total  nuebe»  M^d^  of  tonors  in  OeAlA*.  with  undoped  spacer  layer 
jj  is  .  d^  *»*<•  A. 


Nd  d2 


ri9.  /t  f  alcul  ated  mobility  of  electrons  belonging  to  the  channel  as  i 
function  of  *D*al  nu«l«>  of  donors  m  OtAlAt.  Full  curves:  intersubband 
•  ci  Her  in?  included;  dashed  curves:  nobility  of  lowest  subband  only.  For  dj  - 
X  i»  the  highest  doping  three  channel  subbands  i»e  copulated. 
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the  plaanon  navavsctor  or  integer  Multiples  n  of  it.  The  DC  propartiaa  of 
the  gat#  *r«  unaltered  by  leaving  a  high  resistivity  aata 1  gata  electrode, 
idilch  la  transparent  for  fl*  radiation  ( son  ti  or  MiCr)  .  Thia  aathod 
allowed  tha  varlflcation  of  tha  p  1  a  mot  dlaparalon  ralation  vq>  to  wave 
vac t ora  of  0.1  kp  /8 /  by  coupling  plaaaon*  with  n  *  4  to  grating*  of 
a  -  1 un.  Davlattona  f row  tha  claaaical  dlaparalon  ralation  doe  to  finlta 
intara lactron  a pacing ,  dua  to  corralatlon  af facta  or  dua  to  finlta  lnver- 
slon  layar  thlckneaa  hava  baan  atudiad  thaoretically  /1,9-U/.  First  avl- 
danca  of  a  wave-vector  dapandant  "plaaaon-aaaa*  waa  raportad  by  deltaem 
at  al.  /1 2/  at  high  wava  vactora  (up  to  o.l  kf). 

Tha  aathod  of  ooupllng  photon  and  plaaaon  via  a  aata 111c  grating  allowad 
furthermore  tha  observation  of  asgnato-pl aaaona  /!/ ,  of  plaaaon a  in  hoi* 
apaca  charga  layar*  on  ailicon  / 1 3/  and,  racantly ,  of  intar action*  of  20- 
pi  aaaona  with  intaraubband  raaonancaa  /14/. 

In  aultilayarad  structures,  in  addition  to  tha  wava  vac tor  paral 1*1  to 
tha  2D  ayataa,  alao  a  covenant  parpandicular  to  tha  lntarfacaa  a* lata. 
Thaaa  plaaaon  aodaa  war*  abaarvad  for  tha  fir at  tina  by  aaana  of  llght- 
acat taring  in  GeAa-AlGaAa-eult ilayara  by  01 ago  at  al.  /IS/.  A  diffarant  ax- 
parinantal  approach  to  2D  plsanrna  was  initiatad  by  Tsui  at  al.  /16/,  *4k> 
axel tad  pi aaaona  by  paaaing  a  currant  through  tha  2D  ayataa  and  abaarvad 
narrow-band  ri*  aalsalon  dua  to  radiative  da  cay  of  2D  plaaaon*  via  tha  na¬ 
tal  lie  grating.  Thia  axel  tat ion  waa  racantly  ahown  to  be  a  tharsal  affact 
r vault  log  fra*  tha  boating  of  tha  2D  alactron  gas  in  tha  a lac trie  fiald 
/1 7/ .  Tha  thaiaodynanlc  equilibria  of  alactron*  and  plaanona  by  nlcroa- 
coplc  axel  tat  ion  was  qualitativaly  shown  to  b*  dua  to  CDulonb  a oattaring 
in  tha  lytta  /Id/.  In  thia  papar  wa  will  ravlaw  tha  racant  work  cn  fl* 
amission  f ran  tharnally  excited  plawona.  la  addition  tha  plaMon  contri¬ 
bution  to  tha  specific  haat  of  a  2D  ayataa  is  diacuaaadt  tha  tharnal  back¬ 
ground  radiation  will  ba  uaad  for  datamining  alactron  literatures. 
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Theory 

In  tha  following  wa  dlacuss  tha  optical  propartiaa  of  a  fra*  2D  alactron 
ayataa,  in  tha  absanca  of  a  naghetlc  fiald,  ragardlng  only  tha  lowaat  para¬ 
bolic  subband  f Iliad  with  n#  electrons  of  affactiva  aass*.  Thair  optical 
propartiaa  can  ba  d aserLbad  by  a  oonplax  dynaalcal  conductivity  ,  whara 
tha  spacific  fora  of  o (w)  depend*  on  tha  approximation  nada.  ror  Sl-MDSFET's 
In  tha  natal  lie  density  raglae  (n#  >l.lOl2cn'2)  it  has  baan  shown  experi¬ 
mentally  by  Allan  at  al.  /I9/  that  In  tha  frequency  range  of  0  to  40^~* 

can  ba  wall  approxlaated  by  tha  Druda  expraasloa 

o 

0(w>  -  -  (3) 

1  -  lwT 

with  oQ  taken  fro*  DC-maasur  amenta  aa  oq  -  nj»2t/m  .  The  absorptivity  of  a 
2D  alactron  ayataa  is  calculated  using  tha  boundary  conditions  for  tha  elec¬ 
tric  and  nagnetlc  field,  giving 


A(w) 


4P 

(2  ♦  F) 


2 


(4) 


where  r  -  Rao(u»/eoc.  Ib  tha  praaaoc*  of  a  dielectric  mediim  on  one  aide 
of  the  2D  carrier  ayataa,  tha  absorptivity  la  changad  according  to 


A  (CO) 


4F 

I/C**  l  *  T)2 


<S) 


whara  c  is  tha  lattice  dielectric  constant  of  tha  substrata.  For  tha  claaai¬ 
cal  alactrodynanloal  calculation  of  the  coupling  pteton  -  plaaaon  via  a 
periodic  grating  structure,  on*  has  to  calculate  tha  response  of  a  2D  car- 


r 


331 


A 


/ 


\ 


0 


TWO-DIMENSIONAL  PLASMOIC  AND  FAF  INFRARED  EMISSION 


Ralph  A.  Hflpfel,  Erich  Gornik 
Ins ti tut  fdr  Exp*  r iment  a lphya 1 k 
UniversitAt  Innsbruck 
AUSTRIA 


Abst  t>Ct 

The  experimental  work  on  plssmons  in  two-dimens lonal  (2D)  carrier  <yatn« 
is  briefly  r«vi»w»d.  Thermal  excitation  of  the  collective  modes  in  •  2D 
electron  system  by  applying  a  voltage  along  the  system  is  described  quan- 
t  itat'.vely.  Me  present  result*  of  Tar  infrared  amission  experiments  fro* 
n-S i -  inversion  layers,  using  a  grating  coupler  for  the  radiative  decay 
r,f  the  2D  plasaona.  The  contribution  of  two-dimensional  plaaaons  to  the 
specific  heat  of  a  2D  earner  system  is  discussed.  From  the  thermal  back¬ 
ground  far  infrared  emission  electron  temperatures  in  Sl-MDSFET 1 b  can  be 
determined.  Results  in  the  range  2K<fiT«’10K  are  compered  with  other  methods 
of  electron  temperature  measurements. 


I.  INTRODUCTKR*- 


The  diepersion  relation  of  two-dimensional  plaaaons  was  first  calculated 
by  F.  Stern  / 1 /  who  found  e  dependence  of  the  plasme- frequency  on  the  wave- 
vector  k.  written  in  first  order  (k«kf)  aa 


2 

P 


(1) 


(n  . . .  2D  electron  concentration,  t  ...  dielectric  constant  of  the  surroun¬ 
ding  medium).  This  relation  ..'as  later  modified  for  a  reel  NOS-structure  ta¬ 
king  into  account  screening  by  a  metallic  gate  in  the  distance  d  of  the 
20  electron  system  /2- 4/  resulting  in 


nek 


coth  (k  -  d)) 


Two-dimensional  plssmons  were  observed  for  the  first  time  by  Grimes  and 
Adams  /5/  in  the  2D  plasma  formed  by  electrons  in  Image-potential -induced 
surface  states  on  liquid  helius.  The  author*  produced  standing  waves  in 
tha  rf- range  (50  -  200  KHz )  and  measured  the  absorption  of  the  2D  electron 
system.  By  relating  the  resonant  frequencies  to  the  integer  nuaber*  of 
knods  in  the  cell,  the  dispersion  relation  (1)  could  be  verified. 

Plssmons  in  n- inversion  layers  of  Sl-MDS-structures  were  observed  in 
far-infrared  (FIR)  tr*n™isslon  experiments  /6,7/.  Since  the  phase-velo¬ 
city  of  the  plesmons  is  always  smaller  than  the  velocity  of  light,  the 
momenta  of  photon  and  plaamon  have  to  be  matched  in  a  proper  way.  For  this 
purpose  the  gate  of  the  *>S-device  is  altered  to  a  metallic  grating  of 
periodicity  (a)  which  allows  an  exchange  of  momenta  n-2ir/a.  Since  the  photon 
momenta  is  much  smaller  than  that  of  tha  2D  plaamon  of  same  frequency, 
coupling  is  achieved  when  the  grating  wave  vector  k  -  2n/«  is  equal  to 


r 


t 

i 

t 
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tier  system  to  *  periodic  electric  E  *  E^  •  e*  ***  ^ '  .  In  the  elec- 

trrst»tic  limit,  Poisson’s,  equation  in  conjunction  with  the  equation  of 
continuity  loads  to  a  dynamical  condut ivlty  e(i*i,k),  which  is  now  a  function 
if  frequency  ami  wave  vector  /20/, 

U  ,k )  - -  (fe)  . 

1  .  _ k _ 

lu  t  «  i  coth(kd) 

a  ~>x 

Poles  of  Kecf„,k)  for  T<>*>glve  an  implicit  dispersion  relation  for  the  2D- 
plasmon,  which  la  identical  with  eq.  (2).  For  the  absorption  of  KIR  radia¬ 
tion  polarized  parallel  to  the  grating  wave-vector  the  strength  of  the  spa¬ 
tially  modulated  field  components  acting  at  the  2D  system  have  to  be  calcu¬ 
lated;  this  leads  to  a  factor  i'  1,  which  depends  on  the  geometrical  design 
and  the  distance  of  the  coupling  grating  to  the  inversion  layer  as  dis¬ 
cussed  extensively  m  ref.  /  JO,  .  The  absorptivity  due  to  plasmon  excitation 
is  thus  given  by 

A(<*il  ■  - — - r-  with  F  •  Ii  •  Reo(ui,k)/{  c  (7). 

t.r  •  I  •  n! 

The  Flk-smission  from  the  2D  system  can  be  calculated  if  thermodynamic 
e<jui  1  ibr  i um  is  assured  :  If  electrons  and  plasmons  are  excited  to  a  tem¬ 
perature  T  according  to  their  quantum  statistics,  the  emission  from  the 
systam  is  given  by 

i  <t ,u>>  •  I**(T'l*'>  ‘  kiwi ,  (fi) 

where  l#(v)  le  the  emission  of  a  blackbody  of  tesperature  T.  The  real 
amount  of  thermal  plasmon  excitation  and  the  problems  arising  especially 
at  higher  te^>eraturss  will  be  discussed  in  section  III. 


Experiment 

The  FlR-emisslon  set-up  Is  schematically  shown  in  figure  1:  The  emitting 
sample  (MDSFET)  and  the  detector  (high  purity  n-GaAs:  N^-N^  "  1.3xl0**cm\ 
Nd*N^  -  2.SxlO>4cm  J)  are  mounted  in  a  brass  waveguide  immersed  in  liquid 
Helium.  A  schematic  cross-section  of  the  MDSFET  is  shown  in  the  insert: 

•  2 

Upon  the  semitransparent  Ti-Gate  ( ^  SOA ,  area  2.5x2.Sta  )  Al-gratlngs 
(thickness  100 OA)  of  periods  3ua,  2 urn  and  1 .Sis#  are  evaporated  using  opti¬ 
cal  contact  lithography  and  llft-of /-technique.  The  grating  wav* -vector  de¬ 
fines  the  momentum  of  the  plasmon  whf ~h  can  be  coupled  out.  The  gate  voltage 

V  and  thus  the  electron  concentration  n  is  swept  so  that  the  plasma  fre- 
G  s 

quency  according  to  eq.  (2)  is  tunable.  The  2D  electron  system  is  heated 
by  applying  electric  source-drain- pulses  of  O.S  V  to  10  V  to  the 
MOSFET's  which  have  mobilities  around  ’0.000  cm2/Vs.  The  detec¬ 
tor  signal  is  correlated  with  the  pulse  frequency  using  a  Lock-In- amplifier . 
The  apectral  detector  raaponae  is  shown  in  figure  3a:  The  photoconducti¬ 
vity  peak  at  4.4  meV  ( 35.5cm-1)  splits  up  into  three  lines  in  the  magne¬ 
tic  field.  At  bd  -  0  the  detectors'  reaponsivlty  Is  In  the  order  of  loSf/H. 

Figure  2  shows  the  main  results  of  the  emission  experiments:  The  detec¬ 
tor  signal  Is  plotted  as  a  function  of  the  electron  concentration  for  two 
values  ot  grating  wavs -vector .  The  heating  pulses  are  12  V/cm  In  both  cases. 
Upon  a  background  of  broadband  FIR  amission  from  hot  electrons  -  discussed 
in  section  IV  -  a  peak  fros  the  2D  plasmon  can  be  seen,  that  changes  its 
position,  1 inevidth  and  a^>l ltude  for  different  grating  periods.  From  the 
(D(k)-relatlon  (eq.(3)  it  can  be  identified  as  the  plameon  peak,  which 
is  described  by  eq .  (7)  both  In  amplitude  and  In  llnawidth:  The 
smaller  plasmon  signal  at  a  *  1.5  *u*  (Inzer  curve)  Is  due  to  a  Lower 
coupling  efficiency  a  and  a  lower  electron  concentration  n#  giving  a  smaller 
velue  of  the  resonance  in  Reo(u,k) . 
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ig.»:  Signal  of  the  GaAs-detector  (35. Sc*  )  Fig. 3:  Photoconductivity  spec- 

4»  •  function  of  n  for  two  different  tna  of  th«  n-GaAs-detec- 

gretlng  periods,  Dashed  line:  back-  tor  and  it*  magnet  lc  field 

ground  emission  from  experiments  with-  dependence  (a).  Detector 

out  gratings,  dotted  lines:  2D  plaaaon  signal  as  a  function  of 

electron  concentration  for 
two  value*  of  detector 
nag  net  1 »•  field  (b) . 


Wc  p**rfo reed  *  xp*x  ir.ent  t.  in  '.h*  *-.:*»c?ron  concent  js*  .t  r  range  c  i  »  t.y  4  x 
x  li  ^  ant1  *.n  t>*>  electric  5 1  *-l  range  of  2  r<-  1  ^rr  s  c-irre-g-  n 

tu  electron  temperatures  of  up  to  3f)  K  above  He  1  tun  bath  temperature. 

In  this  whole  range  the  aod.il  of  thermal  excitation  showed  up  to  describe 
well  the  experiment.  In  order  to  prove  the  sx>del  also  at  frequencies  above 
35. Sex  *,  we  uaed  the  GaAs-detector  in  the  magnetic  field,  where  the  photo¬ 
conductivity  peak  splits  up  into  3  lines,  as  shown  in  fig.  3s.  In  fig.  3b 
the  spectra  at  1.1  and  1.3  T  are  shown,  the  frequencies  detected  by 

this  method  are  indicated  by  arrows j  they  exactly  prove  the  dispersion  re¬ 
lation  (2)  . 


In  a  magnetic  field  the  dispersion  of  a  two-diman a ional  plasma  wave  la 


modified  according  to  /2,2\/ 


u  (*)  -  fil'd)  *  u'l1/2  (91  . 

mp  L  p  c* 

This  leada  for  a  given  detector  frequency  to  a  shift  of  the  resonant  photo¬ 
conductivity  peak  to  lower  nj(  as  It  Is  shown  in  the  spectra  of  fig.  4: 

The  inverted  triangles  give  the  -posit lor  of  the  4.4  mev-magnetoplasmon 
according  to  eq.  (9) .  The  position  of  the  aagnetoplasmon  resonance  follows 
the  theoretical  calculation.  The  intensity  of  the  signal,  however,  decrea¬ 
ses  strongly  with  increasing  magnetic  field.  This  effect  can  be  ex¬ 
plained  by  the  classical  theory  based  on  o(w,  k,  B)  /7/.  The 
carrier  mobility  is  decreased  due  to  Landau  quantisation,  leading  to  a 
strongly  decreased  dynamical  conductivity  as  well  as  carrier  heating.  The 
oscillatory  FIR  emission  at  7.5  T  is  due  to  probably  four  oscillatory 
affects  in  the  magnetic  field,  which  cannot  be  quantitatively  separated, 
since  they  are  not  all  yet  experimentally  observed  separately :  The  input 
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Fi.j.4;  Spectra  of  the  plasmon  emission  at 

different  magnetic  fields  taken  with 
the  GaAu- detector  OS.Sc*  ).  The  in¬ 
verted  triangle*  give  the  n  -posi- 
f ions  of  the  magneto  plasmon  accor¬ 
ding  to  eq.  14)  . 


Fig.S:  Molar  specific  heat  of  a 
2D  carrier  system:  Free 
carrier  value  (C  ,  dashed 
lines)  and  plasmoA  cor.tr  ibu- 
tion  (C  ,  dotted  lines)  to 
the  totilP  specif ic  heat 


power  as  well  as  r»(w)  oscillate  due  to  oscillations  of  the  conductivity, 
oscillations  ol  acoustic  phonon  scattering  and  the  specific  heat.  127/ , 
which  both  cause  an  06ct llatory  carrier  temperature ,  are  predicted. 

111.  THE  SPECIFIC  HEAT  OF  THE  FREE  ?D  ELECTRON  SYSTEM 

The  spectral  energy  density  of  the  longitudinal  2D  planons  can  be  calcu¬ 
lated  with  Bose-Einsteln  statistics.  For  an  arbitrary  plasaon  dispersion 
relation  <d(k) ,  the  plasmon  energy  density  is  given  by 

Ufo  (k)  ,T)  -  /u(wOc)  ,T)du>, 

where  the  spectral  energy  density  u(iu(k)  ,T)  Is 
1  fti*(k)k(6k/A<j)df 

u(iit{k}  ,T)  - -  /  -  f  10> 

( 2-n >  7  exp[hw(k)  /kflT]  -  1 


rig. 6:  Experimental ly  obtained  electron  tes*>erature 
behaviour  from  r IR- broadband  emission  In 
comparison  to  previous  AT- measurement s . 


y  Is  the  polar  angle  in  the  two-dimensional  k  space  and  (dk/Aw)  is  the 
inverse  of  the  group  velocity  of  the  plasmon  <*>(k)  .  T  denotes  the  electron 
t*n>erature. 

with  the  known  energy  density  (eq.(lO))  one  can  calculate  the  specific 
heat  of  the  2D  plasmon**  For  a  pure  2D  plasma  dispersion  -  w*  proportional 
to  k  -  we  obtain  for  the  molar  plaMon  specific  heat 
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and  x  fL.  k  T .  N  denotes  the  Avogadro  number  and  -  the  ori¬ 
ent  crit  BA  crit 

tiial  frequency  (cutoff  frequency),  where  the  dispersion  relation  of  the 

planon  ,  rosses  the  single-part  icle  excitation  regime.  'latere  the  plasmon 

toes  not  exist  any  more  as  a  well-defined  mode.  The  temperature  T  is 

o 

characteristic  for  the  low- temperature  plasmon  specific  heat.  Typical 
values  of  :e  for  Si  are,  e.g.,  128  It  for  ng  «  IxlO^aa  2  and  35  K  for 
n  «  i .  'ixlo1  'em  *  .  At  low  tesipe  rat  urea  and  high  densities  x  can  be 
replaced  by  *.  In  this  regime  the  plasmon  specific  heat  increases  with  T1* 
ami  decreasing  n  .  At  high  teaperat ures  and  low  densities  the  plasmon 
siuTiti;  heat  would  be  of  the  order  of  the  f ree -electron  specific  heat, 
Which  is  limited  by  K^kg.  However,  the  plassion  and  single-particle  con¬ 
tributions  to  the  total  specific  heat  cannot  be  simply  added,  since  the 
kinetic  energy  of  electrons  as  single  particles  and  their  collective  mo- 
tion  cannot  be  considered  coapletely  independent.  In  addition  the  upper 
limit  *crit  becomes  finite  and  limits  the  value  of  Cv  .  Therefore  eq.(ll) 
describes  the  plasmon  contribution  to  the  total  specific  heat  of  the  sys- 
tms  only  at  low  temperatures  and  high  densities.  We  expect,  however,  the 
total  specific  heat  cf  the  electron  system  to  exceed  the  free-electron-gas 
value  as  a  result  of  plasmon  generation  at  low  densities  and  high  tempe¬ 
ratures,  since  the  restoring  forces  in  the  plasma  oscillations  Increases 
the  time-averaged  energy  of  the  system. 

In  fig.  5  the  calculated  T- dependences  of  the  free  carrier  specific 
heat  cv  ^  in  casv>arison  to  the  plasmon  contribution  Cv  ^  are  plotted  for 
t wo  values  of  ng :  At  ng  *  Sxlt)1  'em  2  the  plasmon  contribution  is  negli¬ 
gible,  at  n  -  l.SxlO^cm  ^ ,  however,  the  plasmon  specific  heat  should  give 
a  significant  contribution  to  the  total  specific  heat  of  the  electron  sys¬ 
tem,  which  exceeds  the  Du long -Pet  it  limit  already  at  temperatures  of  about 


IV.  ELECTRO*  TEMPERAiyRES  IN  SI -MOSFET's 

FIR  emission  from  the  inversion  layer  of  the  Si-MjSPFT's  brings  a  new 
method  of  determining  electron  temperatures.  Sines  the  broadband  FIR  ab¬ 
sorption  by  the  2D  electron  system  is  known  experimentally  / 19/  and  theo¬ 
retically  (eq.  (4)),  the  absolute  emission  intensity  of  FIR-radlatlon 
from  the  2D  electron  system  according  to  eq.  (6)  represents  a  direct  mea¬ 
sure  for  the  electron  temperature  T. 

In  these  experiments  we  used  MOSrET's  with  transparent  gate  electrodes 
and  a  GaAa-detector ,  whose  responslvity  at  35.5cm  1  has  been  determined 
accurately  by  using  a  Carhong lass- bolometer  as  a  reference  source  /23/. 

The  2D  electron  system  is  heated  by  applying  electric  source-drain  pulses 
of  0.5  V  up  to  10  V  to  the  MOSFET's.  Simultaneously  the  current-voltage 
character! sties  of  the  MOSFET's  is  measured  to  determine  the  ng-  and  field 
dependent  mobilities  of  the  saaples  for  the  calculation  of  the  input  power 
euE2  and  the  dynamical  conductivity  Reo(u>). 

We  Investigated  NDS-samplea  with  different  mobilities  from  2.000  up  to 
10.000  cm2/Vs.  In  fig.  6  the  electron  temperatures  evaluated  according  to 
eq.  (8)  are  plotted  versus  the  input  power  euEg2D  which,  in  equilibrium 
situation,  is  equal  to  the  power  loss  of  the  hot  electron  gas.  In  the  fi¬ 
gure  also  the  slope  for  AT  «  (auB2)1^2  is  indicated.  As  a  result 
the  electric  heating  uT  is  in  the  whole  range  of  temperature  exactly 
proportional  to  the  square  root  of  the  Input  pwsr  respectively  the  power 
loss  epE2.  We  can  therefora  express  the  electron  heating  as  a  function  of 
the  Input  power  epE2  quantitatively  as 
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(epE2 ) * 
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This  result  is  close  to  the  electron  temper at ure  measurements  made  at  low 
electron  temperatures  by  Fang  and  Fowler  I i.M ,  Kawaji  and  Kawaguchi  /2V 
and  HAnlein  and  tandwehr  /2b/,  as  Indicated  In  fig.  6.  and  somewhat  higher 
than  those  obtained  from  aubband  emission  /2V.  FIR-emisslon  is  the  first 
method  that  can  give  results  in  the  whole  temperature  range  of  2  K  up  to 
more  than  30  K.  The  lineai  dependence  of  AT  on  (ewE7)  ^  is  predicted  by 
recent  theories  of  acoustic  phonon  scattering  in  2D  systems  /28,29/  up 
to  electron  temperatures  of  at  least  50  K . 

With  the  method  of  FlR'broadband-eml sslon  we  were  furthermore  able  to 
measure  the  effect  of  increased  carrier  heating  /26.30/,  when  a  negative 
substrate  bias  is  applied.  The  effect  is  due  to  a  decreased  channel  width 
‘*<4/  and  an  influence  of  SiO^  phonon  modes  /26/. 

In  conclusionfwe  emphasize  that  FIR  emission  from  heated  carriers  in 
2D  systems  is  a  powerful  tool  to  study  electronic  excitations  in  two  di¬ 
mensions,  such  as  plammons,  subband  excitations  etc.,  since  only  the  elec¬ 
tron  system  is  heated,  and  other  excitations  of  the  device  are  not  dis¬ 
turbing  in  the  experiments,  bp  to  now  only  spontaneous  emission  from  ther¬ 
mally  excited  plasnons  could  be  experimentally  achieved.  This  Mens  that 
in  all  experiments  thermodynamic  equilibria  of  plasmons  and  electrons  was 
given.  A  non-equilibrlc  specific  excitation  of  plasmons  would  be  of  in¬ 
terest  sines  the  radiative  dacay  efficiency  Is  quits  high.  There  are  theo¬ 
retical  calculations  of  amplification  of  pla«K>ns  in  2D  systems,  s.g.  /31/. 
Promising  possibilities  of  nan -equilibrium  excitation  would  ba  drifting 
carriers  -  exceeding  the  phase  velocity  of  the  plasma  wave  or  Interacting 
strongly  with  the  grating,  in  analogy  to  travailing  wave  tubea.  High  drift 
velocities  in  GaAs/AlGaA  a- hete restructures  to  3xl0?cm/B  have  been  re¬ 

ported  / 32/ *  which  are  already  equal  to  the  phase  velocities  of  20  plas¬ 


mons  at  low  electron  concentrations.  Striking  experiments  on  plasmon- 
generation  by  drifting  carriers  can  therefore  be  expected  in  the  near 
future. 
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INTERACTION  BETWEEN  ELECTRONIC  AND  PHONON  RAMAN 
SCATTERING  IN  HOLE  SPACE  CHARGE  LAYERS  ON  SILICON 

M.  Baumgartner  and  G.  Abstrelter 
Phys Ik -Department,  Technlsche  UnlversIKt  MUnchen 
6046  torching,  Fed.  Rep.  of  Germany 

Abstract 

The  Interaction  of  quasi -continuous  electronic  excitations 
in  hole  space  charge  layers  of  SI  with  the  optical  phonons 
Is  investigated.  The  Induced  asyametrlc  broadening  of  the 
one-phonon  line  can  be  understood  as  a  quantum  mechanical 
Interference  of  the  continuum  excitations  with  the  discrete 
energy  sUte.  The  line  shape  Is  directly  related  to  electron- 
phonon  Interaction  matrix  elements. 

Resonant  Inelastic  light  scattering  has  been  used  recently  to  Investigate 
the  subband  structure  of  hole  accumulation  layers  In  SI-HOS-structures^1 
The  measured  subband  splittings  are  found  to  be  In  surprisingly  good  agreement 
with  self -consistent  Hartree  calculations  of  Bangert^  .  With  Increasing  sur¬ 
face  hole  concentrations  the  experimental  lines  broaden  considerably.  For 
Ns  \  5  x  10  cm  a  more  or  less  structureless  continue  is  observed  which 
extends  to  energies  as  high  as  100  meV.  The  extreme  broadening  of  the  hole 
subband  excitation  lines  Is  mainly  caused  by  strongly  different  k||-d1spers1on 
of  the  Individual  subbands  and  also  by  the  contribution  of  various  subbands. 
The  transitions  Involved  are  shown  schematically  in  Fig.  1.  In  the  present 
coMuntcation  we  went  to  report  on  the  Interaction  of  these  quasi -continuous 
electronic  excitations  with  the  optical  phonons  at  ■  65  meV. 


It  Is  well  known  that  when  a  discrete  energy  state  Is  superimposed  on  a 
broad  continuum  the  phenomenon  of  resonant  Interference  may  occur.  This  effect 
has  been  studied  extensively  In  bulk-SI  with  heavy  acceptor  doping^.  In  the 
nonpolar  material  SI  plasmon-phonon  coupling  Is  negligible  because  the  optical 
phonons  at  k  -  0  do  not  split  Into  LO  and  TO  components.  The  phonons,  however, 
couple  with  the  electronic  excitations  via  the  deformation  potential  mechanism. 
These  effects  are  usually  small  but  have  been  observed  directly  In  Raman 
scattering.  They  appear  as  a  shift  and  broadening  of  the  phonon  lines,  which 
1$  caused  by  the  formation  of  a  quasi -particle  consisting  of  a  phonon  dressed 
with  single-particle  electronic  excitations.  The  quasi -particle  has  a  self¬ 
energy.  Its  real  part  Is  the  energy  shift,  Its  Imaginary  part  the  additional 
broadening  Introduced  by  the  carriers.  The  llneshape  Is  described  by  the  Fano- 
Brelt-WIgner  formula  where  the  Intensity  Is  given  by/5/ 

j  ^  .Ifl  ■♦.cl?.  (1) 

t  ♦  t 

with  c  -  (a»  ~  <u0  -  Au0)/r  and  Q  •  (VTp/Te  ♦  fci»0)/r.  0  is  the  asywtry  para¬ 
meter,  r  the  broadening,  wQ  the  phonon  frequency  without  carriers,  and  tmQ 
the  frequency  shift.  Q  depends  on  r  and  Aa>0  and  on  the  electron  phonon  matrix 
element  V,  as  well  as  on  the  ratio  of  the  Raman  matrix  elements  of  pure  phonon 
and  pure  electronic  scattering  Tp/Te*  0.  T  and  Aw0,  which  can  be  determined 
experimentally,  are  directly  related  to  the  microscopic  properties  of  the 
system. 

These  types  of  Interactions  have  now  been  studied  in  connection  with  the 
hole  subband  structure  at  SI -surfaces.  The  experiments  have  been  performed  In 
back-scattering  geometry,  using  the  3.46  eV  amission  line  of  a  Kr*-1on  laser. 
This  energy  Is  close  enough  to  the  Ep  gap  of  SI  In  order  to  fulfill  the 
resonance  condition  for  electronic  light  scattering.  The  laser  penetration 
depth  Is  of  the  order  of  100  A,  and  thus  caaqtarable  to  the  width  of  the  sur¬ 
face  spec*  charge  layer.  The  effect  of  a  hole  accumulation  layer  on  the 


311 


344 


r 


i 


| 

I 


/ 


\ 


optical  phonons  In  SI  Is  shown  in  Tig.  2.  The  dashed  line  represents  a  Raman 
spectrum  of  pure  SI  under  flatband  conditions.  The  solid  line  is  observed  when 
a  late  voltage  ■  -50  V  (Ns  '  1  a  I0,3ci»'2)  Is  apcl lead  to  the  HOS-capacttor 
sample.  The  interaction  between  the  electronic  continuum  excitations  and  the 
one-phonon  line  manifests  itself  in  a  decrease  of  the  phonon  intensity  which 
is  concomitant  with  a  slightly  asymmetric  broadening  of  the  phonon  line. 


their  contribution  to  the  broadening  has  to  be  known.  This  requires  extensive 
subband  calculations  Including  the  dispersion  in  the  whole  two-dimens Iona  1 
kH-space.  Such  calculations  are  not  yet  available.  The  asynetry  parameter  0 
is  also  related  to  the  ratio  T^/T^.  This  can  be  determined  independently  from 
the  measured  scattering  Intensities.  It,  however,  depends  on  the  surface 
orientation  and  on  the  scattering  configuration. 


The  dependence  of  the  phonon  peak  height  on  the  gate  voltage  is  shown 
more  explicitly  in  the  insert  of  Fig.  2.  While  no  change  is  found  when  a  posi¬ 
tive  gate  voltage  is  applied,  the  phonon  intensity  decreases  by  as  much  as 
151  when  a  hole  space  charge  layer  is  formed  (negative  gate  voltage).  Both  the 
decreasing  Intensity  and  the  asywetrlc  broadening  are  seen  more  clearly  in 
Fig.  3  where  we  plot  the  difference  of  the  Raman  spectra  as  obtained  with  a 
phase  sensitive  technique.  The  gate  voltage  f*  switched  periodic a))/  between 
the  desired  values.  The  differential  spectrum  shows  a  strong  negative  signal 
at  the  energy  of  the  optical  phonons  (  ^  65  meV)  which  gives  directly  the 
decrease  of  the  phonon  Intensity.  Both  on  the  low  and  high  energy  side  the 
positive  signals  reflect  the  Increased  scattering  Intensity  in  the  wings  of 
the  phonon  line.  The  different  amplitudes  are  caused  by  the  asymetric 

broadening. 

In  order  to  obtain  the  parameters  0,  <V.Q,  and  r  quantitatively  the  spectra 
have  been  fitted  to  equation  (1).  Without  carriers  good  agreement  Is  obtained 
for  0  -  <00  and  r  «  0.13  m»V,  T  being  the  halfwidth  of  the  phonon  line  at 
h«lf  maxim*.  At  V  .  -50  V  M  find  Q  .  *«d  r  .  (0.17  -  0.01)  acV  for 

the  scattering  configuration  used.  The  points  In  Fig.  2  represent  the  calcu* 
lated  lineshape.  The  frequency  shift  6l>0  Is  found  to  be  smaller  than  0.01  meV. 
The  carrier-induced  broadening  Is  directly  proportional  to  the  electron-phonon 
interaction  matrix  element  V.  The  Interference  parameters  can  be  varied  by 
changing  the  carrier  concentration.  In  order  to  calculate  Q,  r,  and 
explicitly,  the  coined  density  of  states  for  the  electronic  transitions  and 
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In  conclusion,  we  have  demonstrated  that  the  effect  of  free  carrier  exci¬ 
tations  in  hole  space  charge  layers  on  the  optical  phonons  of  the  nonpolar 
semiconductor  SI  can  be  measured  with  Raman  spectroscopy.  The  analysis  of  the 
Induced  changes  of  the  one-phonon  lineshape  yields  microscopic  Information  on 
electron -phonon  interactions  in  surface  space  charge  layers. 
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fig.  1:  Valence  band  diagram  for  a  hole  space  charge 
layer  In  SI.  hQ,  £o»  and  hj  denote  the  heavy-hole  and 
light -hole-1  Ike  subbands.  The  arrows  Indicate  various 
possible  subband  transitions  yielding  a  oasl-con- 
tlnuous  background  over  a  wide  energy  region. 


ENERGY  SHIFT  [meV] 

fig.  2:  Comparison  of  the  one-phonon  Raman  line  of  SI  with  and  without  a  hole 
space  charge  layer  at  the  surface.  The  points  represent  a  calculated  llneshape. 
The  Insert  shows  the  decrease  of  the  phonon  Intensity  with  applied  gate  vol¬ 
tage. 

Fig.  3: 

Differential  Raman  spec¬ 
trum  which  shows  direct¬ 
ly  the  space  ch.  ge 
layer  Induced  changes 
of  the  optical  phonon 
line  In  SI. 
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INTERFACE  OPTIC  PHONONS  AND  MAGNE TO- PHONON  EFFECT  IN 
POLAR  t  UBL  E- HETEROSTRUCTURES 

R.Lassnig  and  W.Zawadzki* 

Institut  fur  t.xpenmentalphysik 
Universitat  Innsbruck,  AUSTRIA 

•Institute  of  Physics 

Polish  Academy  of  Sciences,  02668  Warsaw,  POLAND 

The  properties  of  interface  longitudinal  optical  phonons  and  their  Interaction 
with  electrons  confined  in  double- heterostructures  are  derived,  the  latter  re= 
presenting  an  intermediate  step  between  single  heterostructures  and  super* 
lattices.  We  discover  a  continuous  transition  from  two-  to  three-dimensional 
interaction.  The  results  ari* discussed  in  relation  with  experimental  observa- 
tions  of  the  magnetophonon  effect. 

INTRODUCTION 

In  recent  years  there  has  been  an  increasing  interest  in  the  interaction 
between  low  energy  electrons  and  the  elementary  excitations  of  solids  in  the 
presence  of  interfaces.  In  the  case  of  polar  crystals  the  electrons  couple 
to  bulk  as  well  as  interface  optic  phonon  modes.  Semiconductor  heterostruc* 
tures  and  superlattices  therefore  represent  an  Ideal  tool  for  the  Investiga¬ 
tion  of  Interface  phonon  properties. 

Shortly  after  the  f irst  observatlor  of  resonant  magneto-phonon  effects  In 
GaAs-AlGaAs  heterostructures  (1)  Nicholas  et  el.  (2)  performed  similar  experi¬ 
ments  on  GelnAs-InP  superlattices,  this  material  being  a  good  candidate  for 
the  detection  of  Interface  optic  phonons. 

The  interaction  Hamiltonian  for  a  completely  two-dimensional  electron  gas 
with  Interface  optic  phonons  for  a  semiconductor- Insula tor  structure  has  been 
derived  by  Tzoar  (3).  In  the  present  paper  we  generalize  his  approach  to 
double- heterostruc tures  (DHS)  between  arbitrary  polar  semiconductors,  for 
realistic  wave  functions  spread  out  In  z -direct ion.  The  DHS  has  been  chosen, 
since  on  the  one  hand  the  single  heterostructure  represents  only  a  limiting 
case  of  the  former.  On  the  other  hand,  the  difference  to  a  superlattice  is 
not  very  great,  especially  if  the  insulating  layer  of  the  superlattice  Is  not 
too  thin.  The  results  are  compared  with  new  experlvnts  of  Portal  et  al.  (4). 


PHONON  STR""TUR£ 

In  order  to  determine  the  phonon  structure  in  a  DHS  we  make  use  of  the 
energy  loss  method,  comparing  the  classical  and  the  quantum  mechanical  rate 
of  energy  loss  of  a  test  charge.  The  interfaces  are  taken  parallel  to  the  (x,y) 
plane  at  z  =  » d/2  and  the  bulk  dielectric  functions  of  the  layer  and  the  surround 
dingmaterial  are  denoted  by  rm  and  es,  respectively.  The  symmetry  of  the  problem 
allows  working  in  the  (q^.zl-space,  which  makes  the  calculations  simple. 

At  first  the  potential  induced  by  a  test  point  charge  moving  in  the  z=0 
plane  with  velocity  vx  is  derived.  In  order  to  account  for  the  dielectric 
discontinuities  at  z*t d/2  image  charges  om  and  c%  are  Introduced.  Since  they 
are  no  real  charges,  their  value  and  position  depends  on  the  position  z  of 
the  observer.  The  potential  ansatz  is 


e6{u-q.v.) 

SS'qT- 


... I*|<d/2 
...  z  > d/2 


(1) 


From  the  Maxwell  conditions,  requiring  that  both  the  potential  and  the 
dielectric  displacement  are  continuous  across  the  interface,  one  obtains 


(S-Cs> 


Y  *  e 


-q*d 


(2) 


Setting  z-0,  the  classical  energy  loss  of  the  test  charge  is  (3) 

M 

^  -  lim  ev,V*(x,z,t)  •  2ejd*q  Judulm4(q* tu)  (3) 

«-•<«*->  ■  -  -nV(E,(UY)V’-'r>>]  «> 

Eqs. (3 ,4 )  are  now  compared  with  the  quantum  mechanical  rate  of  energy  loss.  In 
terms  of  the  destruction  operators  b^  and  b^  the  electron -phonon  interaction 
is  specified  in  the  following  form: 

v(2)  .  h.c.  (5) 
.I.,"**Xs1n<(i/d-1/2)«.)»,b,  ♦  h.c.  ...  |z|<d/2 

P*  qx  n.i  3  J 

vlV  is  the  bulk  potential  characterized  by  a  restricted  number  of  phonon  modes 

pn  to) 

In  z-direction.  Vp£  describes  the  pair  of  two-dimensional  phonons  from  the 
two  Interfaces.  Writing  the  matrix  element  for  one-phonon  emission  as  <Hint>, 
the  quantum  mechanical  expression  for  the  rate  of  energy  loss  is 
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>  - 


(7) 

In  the  following  we  restrict  ourselves  to  the  situation  where  the  layer  and 
the  surrounding  material  are  of  single-mode  type: 

(8) 

where  t“,  L  and  T  denote  the  high  frequency  dielectric  constant,  the  longitu¬ 
dinal  and  the  transverse  optic  phonon  energy,  respectively.  In  this  case  one 
obtains  two  interface  phonon  modes,  characterized  by  the  frequencies  and 

the  interaction  strengths  v: 

(9) 

(10) 

(»')'  ■  CHu.fyM. 

(11) 

f  .  >(1t'u',-TJ)(Vu'.-TJ)/4flV.(c^-«2)(c^t^) 

(12) 

where  A  denotes  the  normal ization  area.  The  bulk  Interaction  is  given  by 

(v  )*  -  **  (1  ^*)  * 

lv  A  d^  11  ^  qi*(nn/d)* 

(13) 

NAGNETOPHONON  EFFECT  AND  EFFECTIVE  POTENTIALS 

In  a  previous  paper  (5)  we  have  derived  the  following  expression 
magneto- phonon  contribution  to  the  conductivity  ou  for  a  quasi 
sional  electron  gas : 

for  the 

two-dimen* 

°x«  ■  .„:bT;  ,,i^,.fflJ«.W/»l'-,«i 

(14) 

Vf  •  S3:  'i  -  ^ 

(15) 

JdPjIstqjlI'/fqi'Qj) 

(16) 

«'*lCn(4)!'  ■*" 

(17) 

1M  ■  [f(En-riw)-f(EB)]/;i  •  (Vtn-N).) 

(18) 

where  n  and  f ( E )  denote  the  Bose  and  Fermi  distribution  functions  for  optic 
w 


phonons  and  electrons.  En  stands  for  the  energy  of  an  electron  In  landau 
level  n,  r  is  the  level  width,  l'*hc/eH,  p(q2)  Is  the  Fourier  transform  of 
the  electronic  charge  density  p(z )  and  the  functions  L*’n  are  associated 
laguerre  polynomials,  which  are  equal  to  1  for  n»0.  In  the  above  expression 
theFrbhlich  interaction  has  been  treated  as  three-dimensional,  and  kgT>>r 
has  been  assured.  The  form  factor  F  depends  on  the  spreading  of  the  electron 
wave  function  in  z-direction  and  is  equal  to  one  for  a  completely  two- 
dimensional  electron  gas.  The  factor  becomes  large  if  the  Landau  levels 
n  and  in  are  separated  by  the  phonon  energy  hu,  which  Is  the  usual  magneto- 
phonon  resonance  condition. 

Interface  phonon  effects  show  up  In  a  different  effective  Interaction  and 
smaller  phonon  energies  than  in  the  bulk  case.  If  the  distance  between  the 
DHS  Interfaces  is  not  too  large,  the  lowest  electric  subband  can  be  described 
by  the  following  wave  function: 

♦(i)  ■  ✓57d's>n((z/d-l/2)n«)  (19) 

The  correrr onding  Interface  and  bulk  effective  potentials  are 
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where  the  bulk  effective  potential  has  been  approximated  (within  one 
percent)  by  the  interaction  with  the  longest  wavevector  phonon  with  q2«n/d. 


RESULTS  AND  DISCUSSION 

By  a  comparison  of  the  classical  and  the  quantum  mechanical  energy  loss  of  a 
test  charge  the  energy  spectrum  and  the  interaction  strength  of  LO  phonons 
in  polar  double-heterostructures  has  been  determined.  The  numerical  calcula* 
tions  are  performed  for  a  Ga  ^In  ^As  layer  embedded  in  InP.  Although  it  is 
well  known  (6)  that  GalnAs  is  a  two-mode  material,  the  lower  mode  is  neglected 
for  simplicity,  since  for  the  given  composition  It  couples  much  weaker  to  the 
electrons  than  the  upper  mode.  The  material  constants  are  taken  to  be  1^*34, 

V31*7’  Lsr43’  V37-*  (al1  1n  "**)•  cHm11-35  and 

Generally  it  can  be  said  the  properties  of  the  OHS  phonons  depend  essenti* 
ally  on  the  dimensionless  parameter  a*q.,d  describing  the  relation  of  the  layer 
thickness  d  to  the  phonon  wavelength  -1/q.,  parallel  to  the  Interface. 
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Fig. la  shows  the  phonon  energy  spectrum  as  a  function  of  a,  revealing  the 
characteristical  features  of  DHS  phonons.  The  full  line  corresponds  to  the 
bulk  phonon  energy,  the  dashed  and  the  dotted  lines  to  the  higher  (InP)  and 
lower  two-dimensional  phonons.  Whereas  in  the  case  of  a  single  interface 
the  interface  phonon  energies  are  independent  of  the  momentum  q,  J),  the 
DHS  phonon  energies  va-y  with  the  momentum  and  the  layer  thickness.  Tor 
a<<l,  i.e.  for  relatively  long  phonon  wavelengths,  the  OHS  phonon  correspond 
ding  to  the  layer  material  (GalnAs)  is  damped  down  Jo  the  TO  phonon  energy 
TiT^.  At  the  same  time  the  I nP- like  mode  approaches  the  bulk  energy  value.  On 
the  other  hand,  for  relatively  small  wavelengths  (a-*®),  the  DHS  phonon 
energies  converge  to  the  single  interface  phonon  energies,  which  is  the  single 
heterostructure  limit. 

(24) 

Fiq.  lb  shows  the  two-dimensional  form  factors  F}  and  Ffc,  defined  as 
and  devided  by  Yeff  (Eq.  15,  with  r ^  1 ) .  They  are  compared  with  the  three- 
dimensional  form  factor  F  (circles)  and  represent  a  reasonable  measure  for  the 
effective  coupling.  Just  as  fn-  the  energies,  the  interaction  of  the  InP-like 
phonon  approaches  the  three-dimensional  value  for  u-»0,  describing  the  transi- 
tion  from  two-  to  three-dimensional  electron- phonon  interaction. 

For  the  GalnAs  modes  it  can  be  seen  that  over  the  whole  regime  the  bulk 
interaction  is  considerably  stronger  than  the  interface  intersetion.  This 
is  due  to  the  fact  that  the  DHS  phonon  energy  Is  closer  to  the  TO  phonon 
energy,  which  corresponds  to  weak  polarity. 

To  interpret  magneto- phonon  effects,  the  integration  fq . ( 14 )  has  to  be 
performed  ntjuerically.  In  the  present  work,  however,  a  more  qualitative 
comparison  Is  given  preference:  Consider  a  0-*m  maonetophonon  resonant  situa- 
tion,  where  the  phonon  energy  is  a  multiple  of  the  cyclotron  resonance 
energy  (V-mbu^).  If  the  two-dimensional  form  factors  ?  “  slowly  varying,  as 
indicated  in  Fig. 1b,  the  expression  under  the  integral  Eq .(14)  has  a  relative* 
ly  pronouiced  maximum  at  qi,1'-2«Kl.  Determining  1*  from  the  resonance  cona¬ 
tion,  this  corresponds  to  qJ*r?m*.'/h(U1/2m)1  ,  which  is  magnetic  field  inde¬ 
pendent  and  for  Ga  ^In  ^As,  where  the  effective  mass  m*  Is  0.04  to  0.05,  is  of 
the  order  of  q;-l/50A.  Since  q;  denotes  the  momentum  value,  for  which  the 
resonant  Interaction  is  strongest,  ui,(q*<J)  can  be  interpreted  as  the  typical 
DHS  phonon  frequencies  Involved. 

Studying  magnetophonon  effects  in  Ga  ^As-lnP  superlattices  (for  d*80, 
100  and  1S0A  and  InP-layers  of  40OA)  Portal  et  al.  (4)  detected  two  series  of 


oscillations.  For  the  lower  GalnAs  series  they  found  fiw«33.6  (32.9)  meV  for  a 
150  (80)  A  sample.  The  decrease  towards  lower  d-values  can  be  well  explained 
by  the  Increasing  Influence  of  interface  phonons  for  d-*0.  Weighing  the  phonon 
energies  (Fig. la)  with  the  interaction  strengths  (Fig. lb)  for  o**q;d  one  ob¬ 
tains  f!(i>=33.7  (33.2)  for  the  150  (80)  A  sample.  In  addition  Interface  grading 
should  further  reduce  the  phonon  energies. 

For  the  higher  InP-like  mode  the  energy  was  found  around  the  bulk  value. 
Theoretically,  one  expects  a  lower  energy.  However,  the  phonon  energy  varies 
with  the  momentum  and,  as  can  be  seen  in  Fig. 1b,  the  form  factor  is  consider¬ 
ably  larger  for  low  momenta.  Therefore  the  range  of  effective  phonon  energies 
is  quite  large,  between  40.5  and  43  meV,  so  that  the  resonance  is  expected  to 
be  broadened,  but  around  4t  to  41.5  meV.  The  remaining  discrepancy  to  the  ex¬ 
periment  is  possibly  due  to  shortcomings  in  the  description  of  nonparabol icity. 
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Fig.1 :  Phonon  energies  (a)  and  fora*  factors  (b)  for  a  Ga  ^In  5As  -  InP  double- 
he ter os  true tore  as  a  function  of  a*qAd. 
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Abstract 

PoJaron  and  screening  effects  In  a  two-dimensional  electron  gas  (2DEG)  as 
present  In  GaAs-AIGaAs  beterostrur tures  are  determined  by  cyclotron  trans¬ 
mission  measurements.  The  experimental  data  for  the  cyclotron  mass  are  well 
described  by  a  nonparabolicity  mode?.  A  strong  reduction  of  polaron  effects 
as  compared  to  the  bulk  GaAs  case  Is  demonstrated.  An  influence  of  scree¬ 
ning  effects  on  the  cyclotron  resonance  linewidth  is  observed. 

INTRODUCTION 

Recently  Das  Sarma  (?)  has  predicted  that  polaron  effects  are  enhanced 
for  a  ?UE6  as  .mpared  to  the  three  dimensional  (3D)  case. 

Horst  et  al.  (2)  have  performed  Cyclotron  Resonance  (CR)  studies  in  InSb 
Inversion  layers  for  the  0  ► 1  Landau  transition  through  the  reststrahlen 
region  and  confirmed  the  predicted  increased  polaron  interaction.  However 
this  is  in  contrast  to  subband  resonance  studies  performed  by  Scholar  et 
al.  (3)  in  CdHgTe- accumulation  layers,  who  found  reduced  polaron  effects 
as  compared  to  bulk  CdHgTe.  This  controversy  remains  unexplained  until 
yet. 

We  have  Investigated  the  influence  of  polaron  effects  on  the  effective 
mass  of  electrons  in  high  mobility  GaAs  Inversion  layers  as  present  in 
GaAs-AIGaAs  heterostructures.  Oy  using  CR  transitions  with  energies  well 
below  the  optical  phonon  energy  we  use  a  three  level  method  which  has  been 
successfully  applied  at  investigat tuns  in  bulk  GaAs  (4).  In  high  purity 
bulk  GaAs  electrons  were  heated  up  by  electric  fields  to  occupy  higher 
landau  levels (LL)  and  several  transitions  wi'e  observed  slmultanously. 

From  the  analysis  of  the  different  LL  transitions  polaron  effects  and 
contributions  from  nonparabolicity  were  separated.  Both  effects  were 
foi*d  to  be  approximately  of  the  same  size  in  good  agreement  with  theo¬ 
retical  calculations  (4,5). 
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In  the  2D  system  different  transitions  are  induced  Ly  -ar^ng  the  ^  :- 
level.  In  addition  we  have  studied  the  influence  of  s.«en»ng  effect >  or 
the  CR  linewldth. 

RESULTS 

CR  absorption  measurements  were  performed  using  a  FIR  ia.ersystem  with 
wavelengths  between  200  and  96pm.  Samples  with  a  com  ration  of  = 

■  2.5xl0**cm’^  and  n^  *  4.  IxIO^cm”*  and  mobilities  :>*  u1  *  2  2  0.0  00  cm^/ Vs 
and  p^  *  320.000cm^/Vs  were  used. 

The  electron  concentration  (n^)  was  varied  by  il luminat ion  with  a  LED  (6) 
and  monitored  by  SdH-measurements. 

In  a  2DEG  the  number  of  states  per  LL  is  given  by  the  magnetic  field.  The 
Fermilevel  shows  an  oscillatory  behaviour  for  a  given  concentration  with 
varying  field.  The  position  of  the  Fermilevel  Is  characterized  by  the 
filling  factor  v,  defined  as  the  number  of  electrons  divided  by  the  num¬ 
ber  of  states  within  one  Landau  level.  For  >  smaller  than  1,  the  Fermi¬ 
level  is  within  the  lowest  LL  (0th)  and  only  CR  transitions  0-1,  for  v 
closed  to  2  only  transitions  I  -2  are  possible.  The  observable  transitions 
are  therefore  unambiguously  determined  by  v.  By  illumination  of  the  hetero¬ 
structure  with  a  GaAsP-lED  the  2D  electron  concentration  as  well  as  v  is 
increased  and  different  Landau  transitions  are  Induced.  CR  transmission 
experiments  were  performed  at  several  laser  wavelengths  with  v  as  an 
experimental  parameter.  Fig. 1  shows  typical  transmission  spectra  as  a 
function  of  the  magnetic  field  for  the  wavelength  of  '6pm.  Before  the  illu¬ 
mination  the  electron  concentration  is  Z.BxlO^cm"2  (v«0.66).  With  increa¬ 
sing  filling  factor  (>1)  a  shift  of  the  resonance  position  to  a  higher  ma¬ 
gnetic  field  is  observed.  This  shift  can  be  explained  due  to  a  superposi¬ 
tion  of  different  CR  transitions.  Since  we  change  the  carrier  concentration 
by  LEO  Illumination  we  have  to  investigate  first  the  light  effect  on  the 
band  structure.  We  assume  that  the  increase  of  the  2D  carrier  concent rati or. 
results  from  two  processes.  First  from  an  excitation  of  electrons  from 
deep  Impurities  in  the  AIGaAs  (6,7)  causing  a  deepening  of  the  interface 
potential  and  second  from  the  generation  of  electron-hole  pairs  in  the 
depleted  p-GaAs  region,  which  are  separated  in  the  depletion  field;  the 
holes  compensate  the  ionized  acceptors,  the  electrons  increase  the  2D 
concentration.  The  compensation  of  the  depletion  charge  results  in  a  de¬ 
crease  of  the  interface  potential.  The  change  in  the  potential  wel?  in¬ 
fluences  the  subband  energy  which  can  be  monitored  via  a  change  in  the 
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effective  mass.  Since  the  energy  gap  tg  in  GaAs  is  large,  nonparabol icity 
effects  are  smal 1  and  the  electric  and  magnetic  contributions  can  be  easily 
estimated. 

We  solve  7awadzki*s  nonparabolicity  equation  for  the  ZD  electron  system 
(8).  The  electric  potential  Y  in  the  Inversion  is  calculated  in  Hartree- 
approximation  by  a  variational  ansatz  using  the  well-known  Stem-Howard 
trial  functions.  We  find  that  the  relevant  terms  describing  the  total 
energy  f  and  the  nonparabolicity  can  be  expressed  in  the  following  way (9): 

«  ■  .  <V>  •  t.  (I  -  2lT-)  with  t..  .  ff.  cg1Wc(h.i)  .  (1) 

The  brackets  *T>  and  -  Y  •  denote  the  expectation  values  (10)  of  the  kinetic 
and  potential  energy  in  z-direction  respectively.  The  electric  contribu¬ 
tion  to  nonparabolicity  enters  by  changes  into  the  form  of  the  potential 
<V>.  The  third  term  represents  the  magnetic  field  contribution  to  nonpara¬ 
bolicity. 

We  have  calculated  the  Influence  of  the  illunlnatlon  on  the  cyclotron  effec¬ 
tive  masses  mc  (0-1),  «c  (1-2)  with  this  model.  Fig. 2  shows  the  ca.  ulated 
influence  of  t*e  increase  of  the  electron  concentration  by  llgth  illumina¬ 
tion  on  the  effective  cyclotron  mass. 

He  Start  with  an  electron  concentration  (n$)  of  2.8x1011cm‘?  and  a  deple¬ 
tion  charge  (Up)  of  O.SxIO^cm*2.  First  Np  is  diminished  by  illumination 
leaving  m^R  (0-1)  really  constant.  A  further  Increase  in  n$  leads  to  a  con¬ 
tinuous  increase  of  m^  (0-1).  The  total  massincrease  due  to  nonparabo¬ 
licity  Is  about  20X  when  changing  ns  from  2.8x10^  to  5.9x10^cm'2  indi¬ 
cated  by  the  arr«m»  in  Fig. 2.  In  analogy  to  the  30  case  polaron  effects 
and  nonparabol  idly  are  determined  from  the  magnetic  field  shift  of  the 
(1-2)  transition  in  respect  to  the  transition  (0-t).  This  shift  is  derived 
from  a  ctxm>arison  of  the  magnetic  field  positions  at  a  filling  factor  v<1 
and  v*v?  where  the  different  transitions  are  observed  individually. 

In  Mg. 3  we  have  plotted  the  experimentally  (from  the  transmission  minima) 
derived  cyclotron  mass  m*xp  as  a  function  of  v.  The  mass  remains  constant 
from  v  *0.6  to  1  and  from  1.6  to  2.  From  v  =  1  to  1.6  a  continuous  Increase 
due  to  the  superposition  of  the  transitions  0-1  and  1-2  is  observed. 

The  dashed  theoretical  ctrve  is  calculated  using  the  nonparabolicity  model 
of  Eq.1  and  taking  into  account  the  superposition  of  the  Individual  tran¬ 
sitions.  In  the  full  theoretical  curve  In  addition  the  effect  of  the  chan¬ 
ged  band  structure,  caused  by  the  increased  electron  concentration  is  in¬ 


cluded.  A  good  agreement  between  the  experimental  data  and  the  theory  Is 
found.  The  2D  experimental  results  can  thus  be  well  described  by  a  non¬ 
parabolic  bandstructure  model  taking  Into  account  the  selfconsl stent  elec¬ 
tric  potential  in  the  inversion  layer  varying  with  the  electron  concen¬ 
tration.  The  inclusion  of  the  compensation  of  the  depletion  charge  due  to 
LED  Illumination  Improves  the  agreement,  but  does  not  substantially  change 
the  result.  We  cannot  identify  any  significant  polaron  contribution  to  the 
observed  experimental  spectra.  The  strong  reduction  of  polaron  effects  Is 
clearly  demonstrated  by  comparison  with  the  30  results,  where  the  equivalent 
LL  splittings  are  about  a  factor  of  2  larger. 

In  addition  we  have  investigated  the  CR  linewidth  as  a  function  of  v.  A 
variation  of  the  linewidth  with  v  was  first  observed  by  Englert  et  al.  (11). 
Our  results  confirm  this  observation.  We  have  found  a  linewidth  of  1.9cm"1 
at  v  *  0.66  and  2.5cm"1  at  v  •  1 .  This  increase  Is  due  to  a  reduction  of  the 
screening  of  the  ionized  Impurity  scattering.  The  experimental  result  can 
be  well  fitted  by  theoretical  calculations  using  the  same  Impurity  concen¬ 
tration  derived  from  the  effective  mass  analysis  (12). 


We  conclude  that  the  polaron  Interaction  is  significantly  reduced  in  the  2D 
case  by  occupation  and  screening  effects  for  energies  below  the  optical  pho¬ 
non  energy.  The  variation  of  screening  effects  with  the  filling  factor  is 
proven  by  a  CR  linewidth  analyses  and  well  described  by  theoretical  calcu¬ 
lations. 
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Cyclotron  resonance  results  frow  CalnAa-InP  hetero  jmictiona  and  «up«r- 
lattices  and  GalnAs-AllnAs  he teroj actions  in  fields  up  to  I8T  are  reported. 
For  low  frequencies ,  the  effective  mass  is  compared  with  the  predictions  of 
k.£  theory,  and  the  resonance  linevidth  is  fitted  to  finite  range  scattering 
theories.  At  higher  frequencies,  the  linewidth  increases  dramatically, 
while  the  effective  mass  deviates  from  its  low-frequency  value.  These 
effects  are  attributed  to  resonant  polaron  coupling. 

The  subject  of  polaron  coupling  in  two  dimensional  systems  has  caused 
considerable  theoretical* and  experimental  interest*1*5*  recently.  In 
this  psper  we  report  cyclotron  resonance  studies  of  the  20EC  in  GalnAs  at 
frequencies  up  to  and  above  the  optic  phonon  values.  We  have  studied  both 
superlattices  and  he teroj unctions  of  GalnAa-lnP,  grown  by  LP-M0CVD  at  the 
Tho^on-C. S.F.  Laboratories  ***,  and  heterojixictions  of  CalnAa-Al InAs , 
grown  at  Bell  Laboratories  by  M.B.E.*7*.  Firstly  we  shall  coosidsr  the 
tinevidths  and  effective  meases  in  the  relatively  low  frequency  regime  where 
polaron  coupling  is  not  significant,  and  then  we  shall  go  on  to  exanina  the 
poleron  effects  at  higher  frequencies. 

Fig.  1  shows  typical  experimental  recordings  of  transmission  for  a 
CalnAa-Al  InAs  heteroj  isict  ion,  with  n  •  8x10  *  cm  and  y  ■  90,000  cm  P  a 
at  4. 71.  A  plot  of  the  resonance  position*  as  a  fwetion  of  magnetic  field 
(Pig.  2)  is  accurately  linear,  with  a  constant  affective  mass  of  0.049mo, 
as  predicted  by  three  band  k.£  theory***  in  the  expression 


Fig.  1  shows  typical  experimental 
recordings  of  the  transmission  of 
a  CalnAa-Al InAs  hetero junction  at 
frequencies  up  to  265  cm-'  and  a 
tesperature  of  4.2  K.  The  trans¬ 
mission  scales  are  not  the  same 
for  the  different  wavelengths. 


-i-  -  X  I  I  •  U  [(2L  ♦  2rt»c  •  2E  |  j  ]  1 
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where  m  is  the  band  edge  mass,  E  is  the  band  gap,  L  is  the  quantum  nimfcer 
o  K 

of  the  initial  Landau  level,  E,,  is  the  energy  due  to  motion  parallel  to  the 
field,  and  *2  is  a  factor.  -0.B5  for  CalnAa.  which  ia  determined  by  the 
band  gap  and  apin  orbit  splitting.  For  Fermi  energies  >  t«c.  the  factor 
(2L  ♦  2)tw  is  almost  comtait,  and  hence  the  constant  effective  mass. 

C  ii  -2 

Similar  me^urements  on  a  CalnAa -InP  he  teroj  unction  with  n  -  3x10  cm 
and  y  -v  90,000  cm2 /VS  at  4.2  %  give  a  constant  effective  maaa  of  0.047  mQ 
up  to  6T.  above  which  there  ie  a  small  increase  in  mass  consistent  with 


Eq.(l).  A  more  promoimiced  example  of  this  is  seen  in  Fig.  3,  in  which 
results  are  shown  for  a  150  X  GalnAa-lnP  quantum  well  with  n  •  1 . 2*10 ' 1  cm  2. 
The  first  few  low  field  results  give  a  maaa  of  0.040  mQ,  after  which  the 
deviation  from  the  pure  linear  dependence  i a  quite  obvious.  This  valus  is 
somswhat  low  coapared  with  the  generally  accepted  bulk  band  edge  mass  of 
0.041  mo***  but  is  probably  dim  to  an  excess  of  In  in  euch  thin  layers. 

itado*10*  has  calculated  that  the  value  of  gj,  to  be  used  in  Eq.(l> 
for  the  lowest  tubband  in  he  teroj  unctions  is  approximately  *0/3.  idiaim  t0 
is  the  energy  of  the  lowest  subband,  which  may  be  calculated  from  the  simple 
Hartree  expression* H) .  This  leads  to  the  prediction  of  low  field  cyclo¬ 
tron  mssis  of  0.0445  mD  and  0.0435  mo  for  the  two  hetero  junction*  respec¬ 
tively,  in  signifi rent  disagreement  with  the  experimental  valuta.  This  le 
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not  altogether  surprising  in  view  r*f  sow  recent  measurement*  on  bulk 
GalnAs<l*\  which  suggest  that  Eq.<l)  underestimates  the  non-parabolic 
correction*  to  the  mas*  bv  a  factor  of  approximately  two. 

The  magnetic  field  dependence  of  the  cyclotron  resonance  linewidth 
IT>  is  shown  in  Fig.  4*,b,c  for  the  • w  three  samples.  This  is  plotted 
aa  a  futnnnn  of  R^  ,  to  facilitate  comparison  with  linewidth  theories  which 
predict  a  value  of  ■  0.65(B/p)^  (in  T)  for  short  range  scatterers  *  *  **  *  ^  . 
At  higher  fields  the  linewidth*  fall  we l 1  below  these  values,  ss  observed 
recently  in  CaA*-CaAlAs  sv*  terns * 14  ’  however  no  osci  llatory  behaviour*  1  ^ 
uu  seen.  For  all  three  casea  it  waa  found  that  the  field  dependence  could 
he  very  well  described  in  term*  of  finite  range  Gaussian  scattering  centres, 
with  a  value  of  T  given  by*1**17* 


r 


(2) 


where  L  is  the  radius  of  a  cyclotron  orbit  and  the  range,  a,  was  found  to 
be  IS  A  and  AO  A  for  the  AllnAs-  and  InP-  hetero junctions  respectively,  and 
A  for  the  GalnAa-InP  superl att  i at .  These  values  are  rather  smaller  than 
the  screening  length  in  GalnAa  <7S  X)<UI  but  are  cottar able  to  the  width 
of  the  graded  interface  in  the  Mrv-CVD  tavers**®*.  At  still  higher  fields 
the  cyclotron  frequency  approaches  the  optic  phonon  frequencies,  with  the 
result  that  the  linewidth  shows  a  very  pronounced  resonant  increase,  which 
may  be  seen  to  fall  again  for  the  hi^iest  frequency  used  with  the  AlInAs- 
hetero  junet ion. 

Our  recent  magnetophonon  aeaaureawnts*  7 ' '  have  shown  that  the 
electron-phonon  interaction  in  GalnAa  is  strongly  dependent  upon  the  par¬ 
ticular  structure  being  studied.  A1 InAe-CelnAe  structures  are  dominated  by 
*  lads’  like  L.n.  phonons  at  21*  cm  l*7°\  in  agreement  with  the  results 
presented  here,  where  the  resonance  linewidth  has  a  sharp  peak  at  arotaid 
2*0  cm  1 ,  and  has  decreased  again  to  al»*t  its  i^urity  limited  valtm  by 


765  m  Both  of  the  InP-GalnAs  structures  show  e  similar  resonant 
increase  in  linewidth,  but  there  is  no  decrease  at  265  cm  1 ,  since  the 
'GaAa*  L.O.  phonon  at  271  cm  *  is  dominant  for  these  structures*7*^.  The 
picture  is  much  less  clear  for  the  resonance  positions,  and  hence  effec¬ 
tive  masses.  For  the  All nAs -Ca ! nAs  he teroj unction  there  is  s  discontinuity 
at  260  ns  *.  with  the  higher  frequency  peaks  occurring  at  a  lower  field, 
and  hence  giving  a  lower  mass  than  the  extrapolation  of  the  tow  field 
results  (Fig.  2).  This  is  consistent  with  the  expected  behaviour,  seen  in 
(22) 

bulk  materials  ,  of  a  shift  occurring  above  the  optic  phonon  frequency. 
There  it  however  no  displacement  of  the  resonance  to  higher  fields  at  fre¬ 
quencies  below  the  optic  phonon.  For  the  CalnAa-InP  superlattice  there  is 
s  similar  discontinuity  at  around  260  cm  *,  however  in  this  case  the  reso¬ 
nances  are  etrongly  shifted  to  higher  fields  at  frequencies  just  below  the 
'GaAa'  L.O.  phonon  (Pig.  3)  at  271  cm  l.  There  are  several  possible  causes 
for  this  difference  in  behaviour.  The  very  different  electron-optic  phonon 
coupling  strengths  in  the  two  structures  must  play  a  role,  but  it  sbould 
also  be  noted  that  the  electron  concentration  in  the  A1 InAa-heta ro junction 
is  much  higher,  leading  to  the  occupation  of  the  next  highest  electric  sub¬ 
band,  and  possibly  very  different  magneto-plasma  effects.  Das  Sarma*7^  has 
also  shown  recently  that  the  polaron  coupling  is  decreased  by  screening. 
Another  point  is  that  the  stgierlattice  is  very  close  to  a  fractional 
occigiancy  of  v  •  1/3  by  13  T.  This  rather  confusing  picture  mirrors  the 
results  on  other  systems;  in  InSb,  increases  in  linewidth  on  going  above  the 
optic  phonon  frequency  have  been  observed,  together  with  a  decrease  in 
mas«*^,but  for  HgCdTe**\  no  evidence  of  an  effective  mass  discontinuity 
was  found,  and  for  GaAs  bate ro junctions  it  has  bean  claiaed  that  polaron 
contributions  to  the  mass,  at  frequencies  wall  below  the  L.O.  phonon,  are 
sipiificantly  lasa  than  for  the  bulk.*5^ 
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Fig.  2  shows  the  resonance  field  for 
the  different  laser  frequenrias  in  a 
GalnAs-AI In As  he  taro junct ion.  The 
straight  line  represents  the  low-fre¬ 
quency  effective  aass  of  0.049  s^,  and 
it  can  be  seen  that  considerable  devia¬ 
tion  fro*  this  occurs  near  the  LO 
phonon  frequencies. 


Pig.  4  shows  the  resonance  Hntvidths 
plotted  against  •$.  Broken  lines  show 
the  short  tenge  scattering  Unit  and 
solid  lines  are  calculated  frots  finite 
range  scattering  theory.  The  plots 
are:  (a)  a  CalnAa-AlInAs  hetero- 


^  ^  junction,  fitted  to  a  scattering  range 

of  35a;  (b)  a  GalnAs-InP  heterojwc- 
Fig.  3  shows  the  resonance  field  as  s  tion  with  a  range  of  *0a;  (c)  a  150X 
function  of  frequency  for  a  150  A  (UlnAa-InP  super  1st  tic*  with  a  range 

GalnAa-lnP  superlattice.  The  broken  of  5SA.  tn  *11  cases  the  llnewidth 
line  represents  the  low-frequency  ness  increases  dramatically  at  frequencies 
of  0.040  *0 ,  and  non-perabolici  ty  can  near  the  L0  phonons  and  in  (a)  there 
be  seen  above  3T  because  of  the  low  is  s  definite  maxima  at  the  ' InAs* 
electron  concentration,  as  predicted  by  frequency.  This  is  consistent  with 
k.j>  theory.  Again,  there  is  deviation  mayie tophonon  results;  the  dominant 
Tram  the  expected  meet  values  near  ttea  intaraction  is  with  'InAa'  modes  in 
L0  phonon  frequencies.  OalnAs-Al InAe  and  'Gate*  modes  in 

CetnAa-lnP. 
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STRUCTURAL  AMD  ELECTRONIC  PROPERTIES  OF  POTe/Pb  ^Sn^T#  STPERLATTICES 
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PbTt/Pbj  ^Sn^Te  (x  *  0.12)  super  lattices  (d:  300-2000  A,  up  to 

40  layers)  were  produced  by  modified  hot  wall  technique.  The  files 
were  analysed  by  X-ray  dif f ractottet ry  and  It  t  .rns  out  that  the  p- 
FbSnTe  layers  are  under  tensile  strain.  ShubniKow-de  Haas  and 
cyclotron  resonance  measur  cnent  s  were  performed.  An  analysis  within 
the  f < amework  of  the  envelope  function  approach  yields  information 
on  the  electronic  subbands  and  their  anisotropy. 

l .  In*  roduct ion 

Semiconductor  heterostructure*  ar.d  super lattices  have  been  prepared 
by  molecular  beam  epitaxy  (HRE)  for  a  variety  of  III-V/IIX-V  and 
also  for  TV/ll I-V  systems  (!).  Recently,  Klnoahlta  et  al.(2)  and 
C ) earns  et  al.'l)  succeeded  in  preparing  euperlattices  of  a  IV-VI/ 
1V-VI  system,  namely  PbTe/PbSnT#  by  uelng  a  rather  simple  type  of 
vapor  phase  epitaxy,  the  hot  wall  epitaxy  (HWR).  In  this  paper, 
quantum  transport  and  cycle* ron  resonance  experiments  on  pbTe/ 
Pbl-«SV  **  "  up  to  40  layers)  are  described.  An  empirical 

tight  funding  calculation  shows,  that  these  structures  do  not  form 
type  II  superlattices .  Using  this  information  an  analysis  was  per¬ 
formed  within  the  framework  of  the  onve l ope- f unct 1  on  approach  (4) 
taking  Into  account  the  detailed  band  structure  of  the  L-polnt  of 
the  Brillouin  rone. 

2,  Experimental  and  Results 

PbTe  and  Pb^  Sn^T*  layers  were  grown  alternatively  by  a  modified 
hot  wall  technique  on  cleaved  BaF^tlll}  substrate#  (3).  The  layer 

r.hi  rsnqe  from  lOO ...  2000  A,  with  up  Co  4  f>  layer*  deposited 

o 

i  "  o  .  .  *  “  -  P  bTe  liyer  with  a  to. "knees  >  t  a  bo>i  t  4  OOO  .  .  .  5000  a  on 

the  Bar subst rate .  The  growth  conditions  were  chosen  to  yield  PbTe 
‘  17-3 

layers  with  electron  concentrations  of  n«O.S...3xlO  cm  and 

Pbj  ^Sn^Te  layers  with  hole  concentrations  of  p-2 . - . lOx lO* 7  cm 

For  large  differences  of  the  electron  and  hole  concentration,  either 

mob) 1«  holes  in  the  PbSnT#  layer*  or  electrons  in  both  the  PbTe  and 


PbSnTe  layers  are  present  depending  on  the  relative  position  of 
the  bsnd  edges.  Layer  thicknesses  were  selected  by  two  limitations: 
(i)  the  lower  boundary  was  limited  by  the  gradients  due  to  diffus¬ 
ion  of  the  constituents,  111)  the  upper  was  determined  by  ehs  mean 
fran  path  of  the  free  carriers  c u  achieve  a  transition  from  super¬ 
lattice  to  bulk  behavior-  The  layers  were  analysed  by  X-ray  dif- 
fractometry  to  check  the  layer  composition  and  also  by  probing  the 
Sn-profile  using  Auger  spectroscopy  and  SINS  techniques  (8). 

Due  to  the  fact  that  the  difference  in  lattice  constants  of  PbTe/ 
Pb0  aeSnQ  J2To  is  1,62. lO*2  X,  (T*  300  K ,  (a f -#2 ) /a 1 -2 , 5 . lo" *>  this 
system  forms  a  strained  super latt Lee .  In  order  to  investigate  these 
strains  in  the  temperature  range  20-300  K,  the  lattice  constants  of 
different  crystal lographlc  lattice  planes  inclined  under  various 
angles  with  respect  to  the  [ill]  growth  direction  were  meesured(6) . 
The  difference  in  lattice  constants  is  completely  accommodated  by 
misfit  strain.  At  T-30Q  K ,  PbTe  exhibits  a  compressive,  PbSnTe  a 
tensile  strain  of  1,75. JO  3  in  the  (til)  film  plane.  At  20  K,  the 
substrate  Induced  strain  causes  an  additional  tensile  distortion 
of  the  PbSr.Tc  layers  (e-2 , 25 . lo" 3) ,  whereas  thm  strain  in  the  PbTe 
layers  le  reduced  to  0.2S.10  3. 

Shubnikov-de  Haas  experiments  were  performed  at  T-2K  and  4.2  K  and 

o 

as  an  example  Fig. I  ahowa  result*  for  samples  ClEl  <40x500  A)  and 
o  o 

D2C  (10x2000  A).  The  periods  of  the  SdH  oscillations  of  the  d-500A 

sample  and  their  dependence  on  the  tilt  angle  0(f^,(lll])  turn  out 
to  be  different  from  the  bulk  fcehavior  which  is  already  found  for 
the  d£  700  X  sample. 

Fig. 2  shows  results  of  far  Infrared  transmission  a*  a  function  of 
magnetic  field  in  b{|  ef]  fill]  geometry  (Bj_>.  Two  cyclotron  resonances 
are  observable, the  light  mess  resonance  being  rather  weak.  In  this 
sample  ( d » 500  X)  the  carriers  are  situated  in  the  p-PbSnTe  layers, 
where  due  to  the  tensile  strain  a  red! stribution  within  the  4  L- 
valleya  occurs.  For  B  in  the  plane  of  the  layers  (Bjj)  ,  the  d“  50oX 
samples  do  not  exhibit  cyclotron  resonances.  For  d£  700  X  tilted 
orbit  r and  hybrid  resonances  appear,  according  to  the 
usual  bulk  behavior. 

3.  Theory 

The  type  of  auperlattice  to  be  expected  for  these  structure*  1* 
determined  by  the  relative  position*  of  the  gape  of  the  two  con¬ 
stituent  materials.  First  an  empirical  LCAO  calculation  (7)  was 
performed  for  bulk  PbTe  and  SnTe  by  setting  up  a  tight  binding 
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Ha*  i  '  Ionian  f  i>  r  t  he  o\i  t  I  tn<  :>  t  ••  9  d  nd  ['  states.  Including 

lint  and  sccuml  neatest  nctqhbor  tntec«ctloiu>.  A  linear  intar' 

I  - a*  icr.  in  t  he  spirit  <»f  ths>  virtual  cr/st  a  1  approximation  yielded 
the  bar.  1  eJ.ies  .->?  Ph^  nl*e!  crystals  with  a  zero  gap  at. 

*  .  ..ii-  •••!..  i  r;  •  p,ti  in«*‘  >rs  o  .  t  h  •  iw>  .  on  •- *  1 1  u**nt  of  the 

piosent  super  1  at  t  i  "es  .it*  <;hown  in  Table  1.  U.ve'.t  igat.  ing  the 
!.  <r<jt  transfer  in  t  *,  n  rbTe/p-Pb$r.Te  het  etol  unot  ion  gives  a  de- 
plet  ion  length  .if  roughly  lOOO  8  which  ts  larger  than  the  width  of 
eath  layer  tn  all  sample-..  Therefore  all  electrons  will  combine 
with  the  he  i ot  leaving  a  positively  charged  PbTe  layer  and  a  net 
r.  •■!«'  i  nncentM!  ton  of  2.10*^  cm  1  tn  the  PhSnTe  layer.  The  re- 
s  dt  inq  super  1  at  t  i  <;e  band  structure  Is  shown  in  Fig. 3.  The  electro¬ 
static  potential  is  given  by 


n  fd/2j  /2e 


(1) 


V  •  I'  r.  p ,  n 

wh  lib  f«--r  a  layer  width  d  -  MK'  X  yields  V  *O.H7  and  V  ->0.4S  meV. 

n  p 

The  er.ergy  dispersion  relation  for  the  superlattice  was  calculated 
in  the  framework  of  the  envelope  function  approach  (4).  The  Hamilt¬ 
onian  appropriate  for  a  narrow  gap  at  the  L  point  neglecting  the 
tar  l.ar.ds  is  <6> 
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with 


the  band  edge  energies  appropriate  for  each  constituent. 


v  '  p i! 0 3 * ii  ’  '  “2“{j 

denote  the  pauli  mat  r  ices  ,  and  ’/  and  1 


|(0,kt|ect^k|,l.r~(fr..f4>.  <33 

' refer  to  the  main 
valley  axis  and  two  perpendicular  directions.  The  continuity  of 
the  SchrSdinger  function  requires  all  to  be  continuous  across 
the  boundaries  and  the  super  1  a  1. 1  i  ce  periodicity  D  "  ***  * 

Imposes  the  Bloch  condition 
i  KD 


f  .  ( x  +  D)  -  e 


f,  ( x  1 


(4) 


whence  the  energy  dispersion  E is  determined  as  given  in 
1  .  '  -  -  “  '  •  l  1  J  v  j  .  i  •  /  i  /id  I-  *»  e  /  i  I  1  a  y  *  oblique  t.  »  I  1  5  1  1  . 

A  noteworthy  feature  is  rhe  infinite  mass  in  (ill)  direction,  a 
Consequence  of  the  fact  that  the  energy  lies  within  the  gap  of 
one  constituent  and  of  the  high  thickness  of  the  layer.  The  sur¬ 
face  of  constant  energy  is  a  circular  cylinder  for  the  [ill) 
valley  and  an  elliptical  one  for  the  oblique  valleys.  Its  per¬ 


pendicular  masses  depend  weakly  on  layer  thickness  with  the  small 
mass  decreasing  with  increasing  layer  thickness  and  the  large  macs 
being  roughly  constant  fur  energies  In  the  gap  of  one  layer.  The 
density  of  states  i«*  similar  to  a  two-dimensional  electron  gas 
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The  magnetic  field  is  Introduced  via  the  commutator  relation 

t  '  K  -  -1,J  161 

<1  cyclotron  length,  -  h/eB) .  It  turns  out  that  for  energies 

c lose  to  the  band  edge  of  layer  A  and  within  the  gap  of  suffic¬ 
iently  thick  layer  B(>300  X)  the  superlattice  Land*  factor  is 
equal  to  the  bulk  Land*  factor  of  layer  A. 

The  calculation  of  the  dispersion  relation  for  quantizing  magnetic 
fields  in  arbitrary  direction  is  a  difficult  numerical  task.  We 
therefore  restricted  ourselves  to  Bj^.  Again,  for  the  oblique 
valleys  the  continuity  condition  across  the  boundary  cannot  be 
treated  in  a  simple  way.  As  an  approximation  the  oblique  valleys 
were  therefore  treated  as  being  perpendicular  to  [ill].  In  a 
strict  two  band  model  of  the  IV-VI  materials  the  Land*  splitting 
Is  exactly  equal  to  the  Landau  splitting.  In  the  fan  charts  Fig.S 
the  horizontal  lines  represent  the  single  degenerate  04  level 
pertaining  to  each  subband,  whereas  the  next  curve*  are  doubly 
degenerate . 


4.  Discission 

The  dependence  of  the  SdH  amplitude*  on  0  Is  explained  by  the 
cylinders  of  constant  energy  as  predicted  by  the  model.  Also  the 
cyclotron  resonance  data  In  Faraday  and  Voigt  geometry  are  In 
qualitative  agreement,  especially  al*o  for  magnetic  field  parallel 
to  the  layers.  Based  on  an  analysis  appropriate  to  a  two  dimens¬ 
ional  electron  gas  (01  the  minima  of  the  SdH  oscillations  were 
plotted  into  the  fen  chert  (rig. SI.  The  density  of  state*  for 
consists  as  in  the  two  dimensional  case  of  a  series  of  6-splkes 
v, ' t.  h  'he  maximum  number  nt  cart..>r»  tn  e  ».-h  »pik«  proportional 
to  the  magnetic  f t w  l  d:  l / ( D2 n t *  ) .  The  total  number  of  carriers 
calculated  from  the  F#rml  level  in  Fig.S  is  p  a*  4.10  cm  In 
agreement  with  design  parameters.  The  auperlattice  subband 
system  for  the  [ill]  valley  Is  shifted  by  about  10  «eV  with 
respect  to  the  subband  systam  of  th#  oblique  valleys  In  agree- 
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r  <•:;  t  with  t  uo  measured  strain  data.  Ho  are  a»ar«*  uf  t  »»•■  fart  that 
w.tt  Jprrfj'ilnij  magnet  i<  f  t  n  1 d  the  Fermi  level  position  is  In- 

1  ue  nr  <>(l  *,y  the  |  1  1  1  1  valley.  However,  the  sl/e  of  this  effort  Is 

I'ap  t ;  .»h  l  e  t  •'  the  in  <r  1  n  t  r  o'lur  *«1  hy  tl.c  i»le  a  1  I  ed  tan  chart.  We 

t  ..e  !  .1  *  t  ’  .  •  !  •  :t  •  *  1  er  •  I  •  i  !»{••  •  *  ••11  1  ■  l ••»■■•*  l  > t< .  t  .  i  i 

i.ita  w  weak  structure  for  the!**  rase  in  sample*  with  periods  more 
t  n>  »’  v  700  K  as  a  transition  ?jca  *  iper  I  att  i  re  to  hulk  effects, 
wh  i  h  ssi  reasonable  Ly  « ous »  ler i ng  the  site  nf  the  cyclotron  radius. 
The  Ii  sapfu'ar.inre  v .  f  sup<>r  lattice  effect*  for  the  2  OOO  ji  sample  foi 
all  jiienta'  l.T>>  of  h  Is  attritu'ed  to  the  mean  free  path  being 
a;  •;*  I OOO  X  for  the  experimental  conditions.  This  model  is  also 
in  agreement  with  the  measured  cyclotron  masses.  For  the  oblique 
valleys  allowance  h«'>  to  l-e  made  for  the  simplified  geometry  in 
the  presort  '•alcul.it  ions  for  the  magnetic  field  rase. 
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Fig.  1  Fig.  2  Fig. 3 

Fig.  i:  Shubni kov-de  Haas  oscillations  yj  magnetic  field  for 

sample  C1E1  and  D2C;  0-0°  and  90°  respectively.  Inserts 
dependence  of  fundamental  magnetic  fields  on  0;  o  •*- 
perimental  data,  full  lines:  according  to  Bpkcos  ©i. 

Fig.  2 :  Cyclotron  resonances  of  sample  C1E1  for  various  far  in¬ 
frared  laser  wavelengths. 

rtef.  3:  Super  lattice  bands  t  rue  t  ur  e  •)  bulk  properties,  b)  solid 

line:  complete  charge  transfer,  dotted  line:  slectrostat 1 c 
potential  of  homogeneously  distributed  positive  and  negat¬ 
ive  chargee  of  density  2.1017  cm-3  includsd  (not  drawn  to 
scale) . 


Fig.  4:  Energy  vs  X  for  K]j(lll]and  xj[t21ll  (solid  line),  xCtoTl] 
(broad  dashed)  and  X  |!f  ol  1  J  /  /?♦[  2 1  l  J//6  (narrow  dashed). 

dA  -  aB  -  soo  ft,  d  -  d*  ♦  *bi.*c  •  o,  eO  -  -no,  t?  -  ao, 

«•  •  -160  meVi  a)  [ill]  valley,  b)  oblique  vellyes. 

Fig.  5;  Tan  charts  of  subbands  and  Landaustatas: 

•  )(IU]  vallsy  and  b)  oblique  valleys. 

Notation!  s.g.OO*  lndlcstaa  lowest  subband,  lowsst  Landau- 
state,  spin  down.  Dash  dottsd  lines:  Tsrml  lsvsl  as  a 
function  of  flsld.  Plot  a  has  to  bs  shifted  upwards  with 
rsspect  to  b  by  lo  maV  in  snargy  beesuaa  of  sffsets  dua 
to  strain. 
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fol*  plaved  by  the  elect  rnn-acoust  lc  phonon  Interaction  In  silicon  Inversion 
1  aver  la  provided  bv  a  series  of  beautiful  experiment  a1 2  on  t he  ballistic 
phonon  absorption  by  Henael  et  al.  Sergmann  ha*  recently  argued1* 
convincingly  that  electron-acooat  lc  phonon  interaction  la  possibly  He 
dominant  low  temperature  tnelaatlc  acarterlng  mechanism  lor  conduction 
electron*  In  thin  met-illtr  fllas.  This  la  important  In  Interpreting 
experimental  data1^  on  weak  localization.  Electron-LO  phonon  interaction 
plava*-1'  a  significant  role  In  the  Inelastic  llRht  scattering  experiment*  on 
the  CaAs-M(-aAs  aoncrlatt  Ice  system  because  of  the  coup! ing^* 10  between  the 
LO-pr*onon*  and  the  Inter aubbend  plasmnna.  Other  llt-V  space  charge  layer 
sys'eaa  are  xpected  to  behave  the  same  wav.  Magne t o- phonon  anomalies  In  the 
aagn*t>>reai*ranee  have  been  observed21  by  a  number  of  group#  In  GaAa  aysteme. 

A  magnet o-opt leal  anomaly  haa  recently  been  observed22  In  the  cyclotron 
reacnanre  experiment  on  InSb  Inversion  layer  by  Horat  et  al.  They  attribute 
this  effect  to  LO-phonon-Landau  level  coupling  baaed  on  an  earlier  theoretical 
,  red  let  Ion*  of  Das  Sanaa  and  Nadhukar.  Hlcholaa  et  el.  observed21  an 
Interesting  variation  In  the  cyclotron  mast  with  the  cyclotron  frequency  In 
InSe  accumulation  layers.  Even  though  a  quantitative  theory  for  this 
observation  does  not  exist,  a  possible  candidate  for  the  phenomenon  la  the 
electron-LO  poo non  Interaction  effects  In  the  presence  of  free  carriers, 

Screening  effects  continue  to  play  an  Important  role  In  the  understanding 
of  various  physical  phenomena  of  these  system*.  This  1*  expected  since  these 
system*  sr*  met*] 11c  In  the  sense  of  having  well  defined  Fsrml  surfaces 
(actually  Fermi  circles  fn  two  dimensions).  Also  for  the  accessible  csrrler 
density  rang*  (I011  cm"2  *  «  10- 1  cm"2)  In  these  systems  Thomas- Fsrml 

wavenumber  (q^)  la  usually  larger  then  the  Fermi  wavenumber  (kp)  producing 
strong  Screening.  This  laet  statement  is  actually  more  appll' able  to  siltcon 
apace  charge  layers  rather  than  to  the  tll-F  ey sterna  where  lighter  carrier 
meat  makes  ky  larger.  Screening  ie  am  l^ortant  factor  In  determining  Che 
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relative  Importance  between  the  electron-electron  Interaction  and  the  weak 
localization  contributions  to  the  recently  discovered  ’logarithmic’  conductiv¬ 
ity  In  the  two  dleenslonal  electron  systems. Very  retent  developments  in 
the  theory  of  screening  In  two  dimensional  electronic  systems  include  a  self- 
consistent  local  density  functional  calculation24  of  impurity  screening  In 
silicon  Inversion  layer,  calculation21*2®  of  two  dimensional  screening 
Including  Impurity  scattering  effects  end  s  theory22  of  screening  near  the 
mobility  edge. 

In  many  physical  situations  screening  by  free  cerrlets  affects  electron- 
phonon  Interaction  effects  In  an  important  way.  A  recent  example  is  provided 
by  the  calculated2  reduction  in  the  polaronlc  effect#  in  GaAs  hetero* true tore 
due  to  screening  by  the  free  carrier*,  This  is  In  agreement  with  a  number  of 
recent  experimental  findings.2®"10  In  principle  electron- phonon  Interaction 
effects  In  two  dimensional  electron  systems  are  always  coupled  with  screening 
affects  and  theoretical  calculation  should  include  the  two  effects  on  equal 
foot ing. 

The  reet  of  thi*  paper  la  organised  as  follows:  Section  tl  will  cover 
aspects  of  elect ron-acoust lc  phonon  lntarsctlon,  electron-LO  phonon  interac¬ 
tion  la  taken  up  In  Section  III,  screening  effects  are  covered  in  Section  IV, 
future  theoretical  prospects  are  briefly  discussed  in  Section  V  with  s 
conclusion  In  VI. 

11.  Electron-Acoustic  Phonon  Interaction 

The  moat  spectacular  effect  of  the  electron-acoustic  phonon  Interaction 
on  bulk  electronic  systems  (metals)  la  perhapa  the  phenomena  of  superconduc¬ 
tivity.  A  surface  analog  of  the  super conductivity  in  quaal-two  dimensions] 
electron  system*  has  bean  Investigated1*11  and  detailed  calculation  including 
realistic  electron- acoustic  phonon  interaction  parameters  predicts12  a  transi¬ 
tion  temperature  of  around  10  a£  In  silicon  electron  inversion  layers.  Since 
elect ron-acoustlc  phonon  Interaction  In  silicon  la  rather  weak  (part lculerly 
in  the  presence  of  free  carrier  screening)  earlier  Investigations11 
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tLF.rTRON- PHONON  INTERACTION  AND  SCREEN  INC  EFFECTS  IN 
QUASI-TWO  DIMENSIONAL  ELECTRON  SYSTEMS 
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Center  for  Theoretical  Physics 
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Aba r fact 

Aspe-ts  of  electron-phonon  Interaction  and  screening  effects  In  quasl-two 
dimensional  electron  svstei*  (e.g.  inversion  and  arrumulsttor  layers; 
seal  undue  tor  heterott  njetures  and  superlatt l<-***>  are  reviewed  with  particular 
empl.asU  on  recent  developments.  Theoretical  and  experimental  results  are 
competed  where  ever  possible.  Differences  with  the  bulk  three  dimensions) 

"V-, :ems  are  pointed  out  and  prospects  for  future  theoretical  efforts  are 
out  1 Ired. 


174 


Introduction 

In  this  psper  some  of  the  recent  development*  In  the  effects  of  the 
electron-phonon  Interaction  and  screening  on  quasl-two  dimensional  electron 
eystems  will  he  reviewed.  The  article  will  concentrete  mostly  on  developments 
that  took  place  after  the  Fourth  Internet lonal  Conference  on  the  Electronic 
Properties  of  Two  Dimensional  Systems  held  in  New  London,  New  Hampshire 
(August  19R1).  For  references  to  earlier  work  (not  covered  by  this  article) 
the  reader  should  consult  the  proceedings*  of  the  New  London  Conference  and 
the  excellent  review  article?  by  Ando,  Fowler  and  Stern. 

Early  Interest2."*  in  the  elect ron-phonon  Interaction  in  quasl-two 
dimensional  electronic  systems  arose  In  the  context  of  the  transport  behavior 
of  all Icon  electron  Inversion  layers  which  at  room  temperatures  la  limited 
basically  by  the  electron-acoustic  phonon  Interaction.  Screening  effecta  were 
also  among  the  important  early  considerations2'*  in  understanding  the 
transport  m  Inversion  layers  af  low  temperature*  *Jnce  scattering  of  the 
carriers  by  the  charged  Impurity  centers  at  the  Interface  contribute 
significant ly  to  the  realstivlty  of  theae  ay sterna.  Transport  study  In  these 
systems  Is  still  an  active  ares  of  research  where  both  electron-phonon 
Interaction  and  screening  effects  play  Important  and  essential  rolea. 

However,  the  Introduction  of  heterostructures  and  superlattices  made  mostly 
from  the  weakly  polar  cosg>ound  semiconductor  materials  of  the  1II-V  series  haa 
made  the  elect ron-LO  phonon  interaction  an  essential  Ingredient  In  our 
understanding  of  the  physical  properties  of  the  quasl-two  dimensional  electron 
systems .  Alto  the  focus  of  the  current  sctlvltles  Is  not  just  the  transport 
properties  of  these  systems.  Theoretically  elect ron-phonon  Interaction  has 
been  Invoked  in  the  discussion  of  a  number  of  phenomena  Including  super¬ 
conductivity,*  magneto-phonon  anomalies,6  polaronlc  effects,2  subband 
structure,®  light  scattering  spectroscopy cyclotron  resonance, **  specific 
heat  anomaly, 12  Inelastic  life-time  effects, **  phonon  absorption, 1*  Interface 
traps2*  and  charge  d*nMtcy  wave*. 16  Clear  experimental  evidence  for  the 
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concentrated  on  a  noeel  mechanism  of  superconductivity  baaed  on  electron- 
acouattc  pi  a*  non  interaction.  However  detailed  analysis*?  eventually 
•bowed  that  In  the  region  of  parameter  values  (electron  density  etc.)  where 
the  superconducting  transition  te^terature  la  the  highest,  electron-acoustic 
phonon  interaction  Is  Che  dosdnent  mechanism  driving  the  superconduct lvlty. 

So  far  experlaentsl  efforts  to  observe  superconductivity  In  quasi- two 
dimensional  electronic  system  occurring  near  sesd conduct or  surfaces  and 
Interfaces  have  failed. 

One  of  the  interesting  recent  developments  In  the  electron-acoustic 
phonon  Interaction  rf facts  In  two  dimensional  electron  systems  has  been  the 
observation17***  of  ballistic  phonon  absorption  by  the  two  dimensional 
degenerate  electron  gaa  in  the  (100)  SI  inversion  layer  system.  In  these 
experiments  one  measures  the  absorption  of  ballistic  phonons  passing  through 
the  two  dimensional  electron  gas  In  the  Inversion  layer.  The  measured 
absorption  gives  a  direct  estimate  of  the  electron-acoustic  phonon  inter¬ 
act  ion  matrix  elements  and  la  a  potential  powerful  tool  for  probing  the 
fared  surface  In  these  ayatesm.  Recent  theoretical  calculation  by  Hansel 
et  el.1****  shorn*  that  Inclusion  of  the  Interference  effects  (In  solving  the 
Fresnel  problem  for  clastic  waves  obliquely  incident  on  the  mltl-element 
planar  system)  In  the  Inversion  layer  geometry  la  crucial  In  a  quantitative 
eeplanat Ion  for  the  measured  phonon  absorption  which  were  originally17  thought 
to  be  coo  large.  However  the  lap roved  theory1*  using  the  known  bulk  deforms 
tlon  potential  for  silicon  la  In  reasonable  agreement  with  the  experimental 
results.  Rally  has  recently  considered**  the  effect  of  finite  teaperature  on 
the  phonon  absorption.  One  of  the  interesting  prospects  la  to  use  the 
ballistic  phonon  absorption  as  a  probe  to  study  Fermi  surface  Instability  in 
the  two  dimensional  electron  gaa.  There  are  predictions**  for  exehange- 
correlatlon  driven  val ley -occupancy  phase  transitions  in  silicon  Inversion 
layers  with  critical  te^erature**  in  the  1-10  K  range.  These  transitions 
should  men  (fast  themselves  in  •  variable  te^ereture  ballistic  phonon 


absorption  experiment.  Experiment  has  so  far  basn  performed  at  a  fixed 
te^erature  of  2  K. 

In  bulk  mntsla  electron-acoustic  phonon  Interaction  manifests  Itself  in 
the  renormal list  Ion  of  a  cumber  of  electronic  properties  (e.g.  specific  heat, 
cyclotron  resonance  etc.).  In  an  important  paper*7  Prangs  and  Kadanoff 
analysed  which  electronic  properties  are  affected  by  the  electron-acoustic 
phonon  Interaction  and  which  are  not.  Eaalcally  a  density  of  state  mass  la 
ranormallted  by  the  electron- acoustic  phonon  interaction  but  a  conductivity 
mass  la  not.*7  Thr  basis  of  the  Prange-Kadanof f  analysis  la  Mlgdal's 
theorem*8  asserting  the  smallness  of  the  electron-acoustic  phonon  vertex 
correction  in  three  dimensional  metals.  Even  though  the  analysis  of  Prangs 
and  Kadanoff  was  rest r let ed  to  three  dimensional  syate as,  it  la  easy  to  show 
that  their  conclusions  art  equally  valid  in  two  dimensional  system  provided 
Mlgdal’a  theorem  holds.  Thsre  la  a  problem*9  about  tha  applicability  of 
Mlgdal's  theorem  in  silicon  inversion  layers  due  to  the  smallness  of  the  Fermi 
energy  in  these  systems  (Ep  is  typically  comparable  with  the  Dtbyc  energy). 
These  questions  have  not  been  investigated  in  any  kind  of  details.  However 
the  practicality  and  tha  relsvanea  of  these  fundamental  Issues  to  actual 
experimental  situation  may  be  limited  since  the  elect ron-acouitlc  phonon 
renormellxatlon  la  found*0  to  be  very  small  In  landing  order  calculetlon  of 
the  effective  mass  in  silicon  Inversion  layers.  Smallness  of  the  electron- 
phonon  coupling  in  silicon  and  strong  screening  by  the  Inversion  layer 
electrons  asks  such  renormal la at  ion  effacts  eich  leae  important  quantitatively 
then  the  corresponding  electron-electron  lot erect  ion  effects.* 

One  receat  theoretical  calculation1*  suggests  that  the  teaperature 
dependence  of  the  electronic  specific  heat  in  a  two  dimensional  electrode 
system  could  bo  quite  different  from  the  corresponding  three  dimensional  case 
due  to  electron- acoustic  phonon  Interaction  effects.  In  particular  e  many- 
body  calculation1*  including  tha  elect roo-phooon  self  energy  effect  gives  tha 
following  electronic  specif lc  heat, 
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C,(T1  •  IT  !l  ♦  KT/Tf)2  In  (T/T0)],  (I) 

1  2  * 

where  y  •  y(t  (!♦*>  ■  ^  »  k^  *  *•  th*  renoreil  l*ed  electronic  specific  heat 

constant  (•*  1«  the  rmufst]  Iitd  electron  effective  mbs),  Tp  and  TE  ar« 
respectively  the  Feral  and  the  Debye  teaperstures  end  the  positive  constant 
h  Is  f^ven  by 

b  -  <l»,*u>  <l.,|-?»)  (yr'S)2  (v,/»rr)!.  (?) 

In  Eq.  (2)  *  Is  the  effective  dimensionless  electron-acoustic  phonon  Inter¬ 
action  strength  (0  «  1  a  0. S)  and  vp,  vyy,  S  are  the  Feral,  Thomss-Fermi  and 
the  renormallxed  sound  velocities  of  the  two  dtaensional  aystea.  It  aaiat  be 
e^haalted  that  the  second  tars  In  Eq.  (1)  cotara  with  an  opposite  sign  to  the 
corresponding  tera  In  the  three  dimensional  aystea.41  Thus  Cv(T)  in  two 
dimensional  will  have  a  weak  local  minima  at  low  tesperatures  due  to  the 
logarithmic  tera  rather  than  a  weak  aaxlais  as  In  the  three  dlmanslonal 
syetea.  This  interesting  aeny-body  affect  la  perhaps  difficult  to  observe 
because  of  the  eisal  lneas  of  the  electronic  epee  If  lc  heat  In  most  of  the  two 
dimensional  electron  systems. 

Finally,  electron- acoustic  phonon  interaction  la  claimed42  to  play  a 
significant  role  In  the  nonohmlc  carrier  transport  in  silicon  Inversion 
layers.  The  energy  loss  of  the  hot  carriers  can  be  ueed42  to  obtain 
Information  about  the  electron-acoustic  phonon  interaction  in  these  two 
dimensional  elactron  systems. 

Ill .  Electton-LO  Phonon  Interaction 

Host  of  the  discussions  in  the  last  section  on  the  electron-acoustic 
phonon  interaction  In  quast-two  dimensional  electron  system  is  based  on 
silicon  inversion  layer  eyetam.  Electron-optical  phonon  Interaction  is, 
however,  not  of  mich  significance  in  silicon.  Most  of  the  work  Involving 
electron-LO  phonon  Interaction  in  quasi- two  dimensional  electron  system  la  on 
the  III-V  semiconductor  systems  like  CaAs  hateroet ructure ,  GeAs-AlgCs^As 


•up^rlattlc*t  InSb  spare  charge  layer  etc.  All  these  materials  are  weakly 
polar  (Frohllch  coupling  constant  la  around  0. I  for  these  materials)  in 
nature.  However  this  week  coupling  may  very  well  give  rise  to  some  interest¬ 
ing  observable  effects  particularly  because  Interaction  effects  are  usually 
enhanced  In  systems  of  lowar  dimensional lty. 

Electron-LO  phonon  interaction  is  usually  discussed  within  the  context  of 
a  Frohllch  model  which  e^loys  t  continuum  approximation.  It  has  recently 
been  shown ^  that  electron-LO  phonon  interact*  If lea  the  energy  E(k)  of  a 

two  dimensional  electron  from  the  sl^>l*  ,11c  relation  E(k)  -  rt2k2/2m  to. 

F*(k)  -  E(k)  -  olL,0R  »  -  0(o2)  (3) 

where  K  Is  the  collets  elliptic  lntcff  rhe  first  kind  and  q  • 

0 


dmu^/rf)*^2  with  as  the  LO-phonon  f 


Eq.  (3)  signifies  a 


polaronlc  mass  enhancement  In  two  dimension  from  m  to. 


•‘no  -  «(i  +  ja. 


12S|L, 


<V, 
■  sr> 


(*) 


The  polaronlc  binding  energy  in  two  dimension  la  given  by,2*4^ 


E0  "  • 


(5) 


These  results  (Eqa.  3—5)  are  obtained  on  the  basis  of  leading  order  Raylelgh- 
Schrodlnger  perturbation  theory  for  e  single  parabolic  electron  (no  screen¬ 
ing)  interacting  with  the  polar  lattice.  Very  recently  these  calculations 
have  been  extended44  to  Include  the  second  order  term  In  the  coupling  constant 
a  and  the  non-parabolic lty  of  the  bare  electron.  These  effects  turn  out  to  be 
small  for  CaAs  hsttroqtructure  systems. 

Coegiarlng  the  polaronlc  effective  mass  correction  (Eq.  A)  and  the  binding 
energy  (Eq.  3)  with  the  corresponding  three  dimensional  results  (In  three 
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one  concludes 


that  polaronlc  effect*  are  appreciably  enhanced  In  two  dimensional  ny stews. 
For  exaomsle  the  effective  mass  la  enhanced  by  a  factor  of  ~  *  2.*  and  the 


binding  energy  la  enhanced  by  a  factor  of  y  »  1.6.  Also  the  polar on- Induced 
non-par  aboliclty  correction  In  the  effective  mass  (l.e.  the  k2  ter*  In  Eq,  4) 
la  enhanced  by  a  factor  of  2.95.  Theae  reaulta  are  quite  consistent  with  our 


intuitive  expectations  that  Interaction  effects  are  aore  important  (n  ays  teas 
of  lower  dimension*  Uty.  However,  careful  experiment  a)  search  (using. 
cyclotron  resonance)  for  the  polaron  mass  correction  In  CaAs  heteroatructure28 
and  also  In  HgGdTe  apace  charge  layer*0  have  failed  to  observe  any  appreciable 
■ass  renormal list  Ion.  In  fact  Llndenann  et  al.28  in  their  work  on  GaAs 


hetemst  ructure  concluded  that  the  polaron  mss  correction  In  two  dlaenalonal 


•yste*  la  at  least  a  factor  of  three  a»al ler  than  the  corresponding  result  In 
hulk  GaAs.  This  Is  an  order  of  magnitude  smaller  correct  Ion  than  what  Eq.  4 
would  suggest.  Also,  HgCdTe  ham  a  reasonably  high  polar  coupling  (o  •  0.3  for 
HgCdTe  as  against  0.07  for  CaAa)  and  so  one  would  have  expected  appreciable 
polaron  correction  In  the  two  dlaens lonally  confined  carriers  in  HgCdTe  space 
charge  layer. 

These  negative  experimental  results  have  recently  been  explained2 


theoretically  on  the  basis  of  a  simile  model  that  includes  screening  of  the 
electron-l/'  phonon  Interaction  by  the  two  dimensionally  confined  carriers.  It 
has  been  shown  that  strong  screening  by  the  electrons  In  the  heteroatructure 
reduces  the  polaron  mass  correction  from  chat  given  by  Eq.  4.  Id  addition  the 
fact  that  the  carriers  In  these  systems  arc  quasl-two  dimensional  in  their 
character  (l.e.  they  are  conffned  in  a  region  of  finite  width)  further 


reduces  the  polaronlc  efl  .*cta.  These  results  arc  shown  in  Figs.  I  and  2. 

In  Fig.  1,  the  maaa  correction  (at  k  -  0)  fiH2n  -  (a*  *  ■)  la  shown  as 

0"r'«  &H2d/AH}q),  scaled  with  respect  to  the  corresponding  three  dlaenalonal 

Frohllch  result  without  any  screening.  The  parameter  0(  -  b/q  )  gives  the 

0 

effective  width  of  the  two  dimensional  carriers  with  1/b  aa  the  average  width 

of  the  confined  electrons  and  the  parameter  y(«  q  /q  )  gives  the  effective 

TF  0 

screening  in  the  syaten  with  a  2me^/krf^)  aa  the  Thomas-Feral  screening 
wavenumber  In  two  dimensions.  The  solid  curves  are  the  results  for  the  quael- 
t wo  dimensional  syetea  whereas  the  dashed  curves  (0  *  •)  give  the  purely  two 
dlaenalonal  Halts*  Results  aa  a  function  of  0  for  various  value*  of  the 
screening  strength  (r  •  0,  1,  2,  3  etc.)  including  the  unscreened  y  •  0 
situation  are  shown.  It  la  clear  fr<M  this  figure  that  the  polaronlc  mass 
correction  nay  be  reduced  appreciably  from  that  glvan  by  Eq.  4.  In  particular 
the  experimental  situation7*  for  the  CaAa  heteroatructure  corresponds  to 
0  •  1.0  and  y  •  0.85  giving  AHj  «  0.4  which  la  In  agreement  with  the  experi¬ 
mental  reaulta.  In  Fig.  2  the  corresponding  quasl-two  dimensional  polaronlc 
binding  energy,  c  r(  -  !•  •hmm  as  a  function  of  0  and  y.  Again 

screening  and  finite  width  effects  appreciably  reduce  polaronlc  corrections. 

In  contrast  to  the  above  experiments28"*0  raportlng  negligible  polaronlc 
effects  In  two  dlaenalonal  electronic  ayateaa,  one  recent  paper22  reports  the 
observation  of  a  marked  discontinuity  In  the  cyclotron  resonance  energies  and 
llnewldths  In  InSb  electron  Inversion  layer  in  the  vicinity  of  the  LO-phonon 
energy.  These  features  have  been  attributed  to  resonant  electron-LO  phonon 
Interaction  affect*  In  the  two  dimensional  electron  system.  A  detailed  theory 
for  the  resonant  electron-LO  phonoo  interaction  effect  in  two  dimensional 
electronic  systems  has  bean  worked  out8***  a  (M  years  ago.  The  recant 
experiment  observations22  are  qualitatively  quite  consistent  with  the 
theoretical  predictions*  about  the  magneto-optical  anomalies  in  two 
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dimensionally  confined  carriers  around  «c  •  wj.o*  A  f*»lly  quantitative  theory 
for  the  Baffn«<o-opt  leal  anomalies  including  the  finite  width  of  the  carrier 
wave-f unct Ion  end  the  screening  effects  does  not  exist  at  the  present  tlae. 

The  basic  Ides  of  the  resonant  electron-phonon  coupling  Is  rsther 
slarl**b  Around  wc  ■  w^o.  two  states  of  the  system  given  by  an  electron  In 
the  UM)th  Landau  level  plu#  one  U>-phonon  and  only  an  electron  In  the  N  th 
Landau  level  are  degenerate  and  hence  even  a  weak  electron-LO  phonon  coupling 
will  becow  laportsnt  at  this  resonance  liftlnR  the  degeneracy  and  thus 
splitting  the  N  th  level  Into  two  levels  K*  and  N_  which  will  have  an  energy 
difference  proportional  to  the  effective  electron-LO  phonon  coupling  In  the 
•vstem.  Cvelotron  resonance  above  and  below  the  L'*-phonon  frequency  will 
thus  he  different.  lr.  principle  one  should  be  able  to  observe  both  the 
spilt  levels  in  en  experiment,  however  one  of  the  levels  asy  be  pushed  into 
the  rests trahlen  band  around  wL0  and  hence  asy  becoa*  unobservable.  Clearly 
In  an  experiment  where  the  cyclotron  frequency,  i*c  fa  varied  through  Che  LO- 
phonon  frequency  *i_o,  one  would  see  a  tranaltlon  to  the  J»_  level  for  uc  <  <*»LO 
end  a  tranaltlon  to  the  level  for  wc  >  (the  other  levels  will  be 
In  the  reststiehlen  band).  Thus  cyclotron  effective  anas  will  be  higher 
than  the  usual  cyclotron  mass  for  frequency  below  the  LO-phonon  frequency 
and  wtil  be  lower  above  This  discontinuity  Is  exactly  what  la  being 

observed  expet Iment al ly .22  Llnewldth  should  also  be  higher  for  «c  ^  LO 
because  real  emission  of  LO- phonons  becomes  silenced  Increasing  the  decay 
charnel  of  the  excited  electron.  It  has  been  ah<am  theoretical ly6  that 
such  resonant  elect ron-LO  phonon  Interaction  inkiced  anomalies  should  be 
much  stronger  In  two  dimensionally  confined  carriers  cohered  with  the  three 
dimensional  systems  due  to  the  lack  of  a  wave-vector  lo  the  *-dlrection  and 
the  concomittant  sharpness  of  the  Landau  levels.  Magneto-phonon  anomalies21 
In  the  MgnetoreaUtsnce  which  have  bean  observed  In  CaAa  heteroetrueture 
is  another  example  of  such  resonant  electron-LO  phonon  coupling  la  two 
dimensional  electronic  systems. 

38< 


A  different  aspect  of  the  electroo-LO  phonon  coupling  in  these  syeteae  1* 
the  dielectric  coupling10  of  macroscopic  electric  fields  due  to  the  UV  phonons 
and  the  plaamons  associated  with  the  Intersubband  transitions  between 
different  quantum  levels  In  the  apace  charge  layer.  This  la  very  almllsr  to 
the  well-studied46  plsamon-LO  phonon  coupling  in  the  doped  bulk  compound 
semiconductor  systems.  In  principle  LO-phonons  can  couple  to  both  the  lntrm- 
aubband  plaamons  Involving  two  dlmsnalonel  oscillations  within  a  quantum  level 
and  the  Intersubband  plaamons  which  involve  motion  of  electrons  perpendicular 
to  the  plane  of  two  dimensional  confinement.  However  the  coupling  of  LO- 
phonons  to  the  lntraaubband  plaamons  has  not  been  observed  because  the  plaamon 
energy  (usually  below  10  meV)  la  way  below  the  LO-phonoo  energy  (about  35  meV 
in  GaAs ) .  On  the  other  hand  coupling  of  LO-phonons  to  lntersubbaod  plaamons 
has  very  l^ortant  effects  on  the  Inelastic  light  scattering  apectn*  by  these 
systems.  This  subject  has  recently  been  reviewed47  by  Plncauk  and  Worlock. 

One  important  point  regarding  the  electron-phonon  coupling  In  these 
quasi- two  dimensional  syateM  is  that  the  electrons  seem  always  to  coupla  to 
the  bulk  phonons  of  the  relevant  natarlal.  This  la  clearly  true  for  the 
electron-LO  phonon  coupling  where  experiments  like  resonant  magnato-phonon 
anomalies21*22  and  inelastic  light  scattering  spectroscopy20  unambitious  ly 
Identify  the  energies  of  tha  rslevant  LO-phonon  modes  which  always  turn  out  to 
be  the  bulk  three  dimensional  (rather  than  the  interface  two  dimensional) 
phonon  modes.  This  la  presumably  because  the  Interface  phonons  decay  within  a 
small  distance  of  the  interface  whereas  the  electronic  wave-function  In  these 
systems  la  usually  peaked  at  a  distance  larger  than  the  typical  decay  length 
of  tha  Interface  phonons. 

IV.  Screening  Effects 

A  number  of  situations  where  Inclusion  of  the  screening  effects  In  tbs 
theory  la  crucial  to  tha  understanding  of  the  experimental  results  have 
already  beeo  mentioned  in  connection  with  the  elect roe-phonon  Interact  toe 
phenomena.  Cxanplaa  are  electron  effective  me* 
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elect ron-phonon  Interaction  effect*  both  for  the  acoustic*17  and  for  the 
optical7  phonon*.  Thia  aectlon  will  concern  ltaelf  with  aapecta  of  screening 
effecta  In  quaal-tvo  dlaenaional  electron  ayateaa  are  not  related  to  electron' 
phonon  Interaction  phenomena. 

One  of  the  l^>oriant  recent  developments  In  the  understanding  of  screen¬ 
ing  effects  In  quaal-two  dlaenaional  electron  systems  Is  the  recent  work?*  of 
Vinter  on  the  non-linear  screening  around  a  static  lapurlty  charge  center  In 
the  (100)  silicon  Inversion  layer.  Within  a  local  density  functional 
formal Isa  Vinter  calculates  the  aelf-conalatent  potential  around  the  charged 
(■purity  and  gets  very  good  sgreearnt  with  the  experiment al ly*^  determined 
scattering  rates  in  the  dilute  Impurity  concentration  limit.  He  also  shows 
that  there  la  only  one  four-fold  occupied  bound  state  associated  with  the 
impurity  charge  center.  This  la  a  reflection  of  the  strong  screening  In  the 
system.  In  fact,  Vlntar  finds  that  this  four-fold-degene  racy  le  not  lifted 
even  if  spin-  or  valley-dene lty  functional  methods  are  used.  Vinter's  work 
clearly  ihwi  the  importance  of  keeping  screening  cffecta  In  calculating  the 
bound  states  associated  with  the  charged  l^mrlty  canter,  particularly  In  the 
high  carrier  density  limit.  Similar  aelf-conalstant  density-functional 
calculations  have  not  been  performed  In  any  other  quasl-two  dimensional 
electronic  system. 

While  Vinter's  aelf-conalatcnt-local-denaltjr-functlonel  calculation  gives 
a  good  picture  for  the  screening  effects  in  the  Halt  of  high  carrier  density 
(Ng),  it  clearly  becomes  Inadequate  whan  the  charged  Impurity  density  (Nj)  la 
large.  In  particular  Vinter's  calculation  la  strictly  valid  fot  the  single 
impurity  problem  (the  "dilute"  limit)  and  the  calculated  mobility  (y)  at  taro 
teaperatura  has  the  form, 

«'■  -  •  »1,  (6) 

where  the  coefficient  at  a(Ns)  la  Independent  of  Che  lapurlty  density  . 

This  la  true  in  Che  Born  approxiaat loo  or  a lngle-elte-acet taring  type  theories 
where  scattering  by  Individual  i^urity  centers  la  treated  Independently. 


These  approxiaat Iona  are  valid  only  In  the  Halt  of  Mi  «  Mg.  on  the  other 
hand  experlnent*®  clearly  shows  that  the  aoblllty  lo  (100)  silicon  electron 


Inversion  layer  due  to  charged  l^urlty  scattering  at  low  teaperetures  hea  the 
following  form, 

•  .  »,  ♦  b  nJ  .  (7) 


where  the  coefficient  b  =  b(N$)  la  very  aaall  when  Mi  «  N$.  Vinter's  results 
are  valid  In  that  Halt. 

Recently  a  self-consistent  screening  theory?5  has  been  developed  which 
explains  the  experimental**  results  very  wall  over  a  wide  range  of  Mg  and  Nj. 
The  theory  includes  the  effects  of  lapurlty  scattering  on  the  screening 
function.  In  particular  scattering  effects  reduca?5*?®  screening  In  a  way 
rather  slaller  to  the  reduction  of  screening  at  finite  temperatures.**  ThU 
la  only  under at andable  since  both  scattering  (even  at  T  •  0  K)  and  finite 
teapersture  effecta  aaaar50  tha  electronic  Fermi  distribution  function  around 
k  -  ky.  This  la  directly  reflected  In  the  rounding  of  the  eharp  comer  in  the 
two  dlaenaional  acreenlng  function  around  k  •  2  ky.  Since  2ky  -  scattering  la 
the  doalnent  ecettcrlng  aechanlem  Halting  mobility,  such  scattering  effects 
on  screening  can  significantly  reduce  mobility  particularly  for  higher  values 
of  Iff,  In  Pig.  3  the  effect  of  lapurlty  scattering  (finite  aean  free  path)  on 
the  acreenlng  is  shown  by  depleting  the  static  polar isability  function  H(k)  as 
a  function  of  the  wavenumber  k  for  three  different  valoeo  of  the  assn  free 
path  iky  -  •»,  10  end  2  Including  the  noo-lnteractlng  (ft  “  «)  situation  first 
calculated  by  Stem.5*  The  scattering  has  been  treated  in  Bom  approximation 
In  this  calculation.  The  long  wavelength  value  R(k  ■  0)  gives  the  density  of 
states  of  the  electrons  in  the  presence  of  lapurlty  scattering. 

Tha  self-coneletency  aspect  lo  tha  screening  function  arises  froa  the 
fact  that  dillt  scattering  determines  acreenlng  through  the  polar iaehlllty 
function,  scattering  strength  ltaelf  is  determined  by  the  screened  Coulomb 
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interaction.  Thu*  screening  and  scattering  should  be  obtained  together  self- 
cons  latent  ly .  The  self-energy  correction  due  to  elect ron-l^>urlty  Interaction 
In  the  born  approxlaat  Ion  Is  given  by. 


M(k,  u,  ♦  1-  ) 


.  ,  m  -  E,|J  r.<E.  .  .  : 


-  4<k,*j)  -  t  Ctt.w), 

•here  l'(k)  is  the  screened  electron- lapurltv  interaction  and  G  Is  the 
electronic  Green's  function.  The  screening  Is  usually  treated  In  the  random 
phase  approximation.  The  broadening  r(k,w)  turns  out*0  to  be  not  a  very 
strong  function  of  k  and  w.  The  theory2*  calculates  the  self-energy  and  the 
screened  Infraction  self-cons  latent  ly  and  then  uses  tha  self-cons  latent  ly 
screened  Interaction  l»(k)  to  obtain  the  mobility. 

In  Fig.  4  the  electronic  level  broadening  la  shown  aa  a  function  of 
l^uirfty  density  Nj  both  for  the  staple  Thuaaa-Fe ral  screened  Interaction 
(dashed  line)  and  for  the  aalf-conalatent ly  screened  Interaction  (solid  line). 
Obviously  the  Thomae-Ferml  result  la  linear  In  N|  whereas  tha  aelf-consletent 
result  has  higher  order  H*  corrections.  In  Fig.  5  the  inverse  of  tha  aoblllty 
la  shown  aa  a  function  of  N|  for  tha  alaple  lorn  approxlaat ion  theory  (dashed 
line)  that  la  linear  In  and  for  the  aalf-conalatent  result  (solid  line) 
that  la  In  excellent  agreement  with  the  experimental  results  and  with  Eq.  (7). 
The  calculated2*  Ng-dependence  of  tha  coefficients  a  and  b  la  also  in  good 
agreement  with  tha  axperlaantal  raaulta.  The  specific  theoretical  resulte  are 
for  tha  silicon  (100)  electron  inversion  layer  system  so  that  a  co^arlson 
with  the  experimental*^  raaulta  can  toe  aade. 

For  Wj  «  Itj,  the  self -cons  latent  theory  and  tha  a  lap  la  theory  give 
basically  the  same  raaulta  whereas  for  dj  <  Ng  tha  self -cons latency  In  screen¬ 
ing  la  Important.  A  real  dee lr stole  theoretical  improvement  will  be  tha 
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Inclusion  of  exchange-correlation  effects*0  Into  the  as If -cons latent  scatter¬ 
ing-screening  formal lam. 2*  This  however  Involves  Incorporating  level 
broadening  affects  Into  a  local-dens lty-functlonal  screening  formalism.  This 
la  a  difficult  theoretical  problem. 

Screening  In  the  two  dimensional  electronic  system  In  the  presence  of  a 
strong  perpendicular  magnetic  field  muat  Include  scattering  effects  self- 
cons  latently*2***  since  the  electronic  density  of  states  la  singular  in  the 
absence  of  level  broadening.  Such  calculations  suggest*2  that  screening  la  a 
function  of  the  filling  factor  and  in  particular  screening  la  a  maximum  when 
the  Landau  level  la  half-filled  and  la  a  minimum  whan  the  level  la  full. 

These  theoretical  predictions  have  recently  been  confirmed  experimentally**  In 
GeAs  heteroatructure  system. 

There  have  been  a  number  of  ef forte****7  In  going  beyond  the  random  phase 
approximation  in  calculating  the  screening  In  two  dimensional  electronic 
ayateaa.  However  the  experimental  consequences  of  such  many-body  corrections 
on  the  dielectric  function  arc  difficult  to  assess. 

V.  Future  Prospects 

A  number  of  challenging  theoretical  questions  remain  open  aa  has  bean 
indicated  In  the  earlier  sections  of  thla  paper.  An  Important  problem  la  to 
consider  the  electron-phonon  interaction  affects  In  the  presence  of  full 
dynamical  screening  by  the  two  dimensional  carriara.  The  situation  In  tha 
presence  of  a  strong  magnetic  field  also  needs  to  be  investigated  in  more 
quantitative  details.  Inelastic  Ufa  time  of  the  two  dimensional  electrons 
due  to  elect ron-phonoo  interaction  effects  is  another  unsolved  theoretical 
problem.  Possible  Importance  of  the  electron-phonon  vertex  correction  In 
these  ay* tarns  la  another  difficult  and  unsolved  theoretical  problem. 

In  acraening.  tha  l^ortant  Issue  la  to  develop  a  theory  that 
incorporates  both  Vinter's  self-coma ieteot-loeel-denelty-fmnctlomel  calcula¬ 
tion*0  and  tha  recently  developed2*  acattarlagracraenlng  oelf-coasleteat 
formal lam.  Such  a  theory  will  bo  ablo  to  doeerlbe  the  charged-lmpurlty- 
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■  cat  ter  In*- Halted  Mobility  In  these  systems  for  •  wld#  range  of  values  of  Nj 
and  Ng.  Another  unsolved  theoretical  problem  la  the  screening  by  bound  or 
localized  electrons  In  qussl-two  dlaenelonal  electronic  ayateaa.  A  lot  of 
experlaental  dsta^6  on  lapurltv  binding  In  silicon  Inversion  layer  exlhtt  and 
can  be  used  as  a  guide  to  estimate  the  screening  by  bound  electrons  In  these 
systems. 

VT .  Conclusion 

Aapects  of  electron-phonon  Interaction  and  screening  effects  in  quasi- 
two  dimensional  electron  systems  have  been  reviewed  in  this  paper  with  the 
e^ihssls  on  current  developments  In  semiconductor  systems.  Aawng  the  topics 
that  have  Seen  left  out  almoat  completely  from  this  paper  are  electron-phonon 
interaction  effecta  on  tranaport  properties  of  the  two  dimensional  ayateaa. 
This  papet  concentrates  mostly  on  low  temperature  properties  where  real 
phonons  are  ebsenr  and  the  electron-phonon  Interaction  effect  on  tranaport  Is 
rather  small,  however,  in  modulation  doped  CaAs-Ai^aj-xAs  heteroatructurea , 
electron-phonon  interaction  is  virtually  the  only  scattering  mechanism  limit¬ 
ing  mobility. Charge  (or,  spin)  density  wave  transition  and  possible  phonon 
softening  is  an  Important  Ingredient60  In  the  phyelca  of  leyered  compounds 
(e.g.  TaSvj ) .  These  systems  have  not  been  considered  In  this  review  at  all. 
fleet rons  on  liquid-helium  surface  have  also  been  left  out  of  this  article. 
Acknowledgement  a 

The  author  gratefully  acknowledges  the  hospitality  of  the  Semiconductor 
Physics  Group  at  the  IBM  Thornes  J.  Matson  Research  Center  where  part  of  this 
review  hss  been  written.  Ha  also  wishes  to  thank  A.  B.  Fowler,  E.  Gornlk, 

D.  R.  Grernpel,  J.  t.  Hansel,  I.  P,  Koch,  V.  Korenaan,  J.  P.  Kottheus,  A.  E. 
Prangs,  P.  Stem  and  B.  Vinter  for  helpful  discussions.  The  work  Is  supported 
in  part  by  National  Science  Foundation  through  Craat  No.  NSF-DMR  8208019. 

Rafe ranees 

1.  Surf.  scl.  _m  (1982). 

2.  T.  Ando.  A.  I.  Fowler  and  P.  Stem,  Rav.  Nod.  Phys.  54  (1982)  437. 

m 


3.  R.  Esawa,  S.  Rmwsjl  and  K.  Nakaajra,  Japan  J.  Appl.  Phys.  ^3  (1974)  12b. 

4.  F.  Stern  and  W.  E.  Howard,  Phys.  Rev.  163  (1967)  016. 

5.  V.  Hanke  and  M.  J.  Kelly,  Phys.  Rav.  Lett.  43  (1980)  1203. 

6.  S.  Das  Sanaa  and  A.  Madhukar,  Phys.  Rav.  0  22  (1980)  2823. 

7.  S.  Das  Sarma,  Phys.  Rev.  B  27  (1983)  2390. 

8.  C.  Kawamoto,  R.  K.  Kalla  and  J.  J.  Quinn,  Surf.  Sci.  98  (1980)  589; 

T.  S.  Rahman,  D.  L.  Mills  and  P.  S.  Rlsaborough,  Phya.  Rev.  B  23  (1981) 
4081. 

9.  E.  Burateln,  A.  Plnczuk  and  D.  L.  Mills,  Surf.  Scl.  98  (1980)  451. 

10.  S.  Daa  Sarma,  App.  Surf.  Scl.  11/12  (1982)  535. 

)1.  B.  Horovltz  and  A.  Madhukar,  Solid  Stats  Comwin.  32  (1979)  695; 

M.  Prasad.  T.  K.  Srlnlvaa  and  S.  Prjlta,  Surf.  Scl.  73  0978)  505. 

12.  D.  R.  Grernpel  and  S.  Das  Sarma,  Phya.  Rev.  B  (1982)  7826. 

13.  S.  Daa  Sarma,  unpublished. 

14.  J.  C.  Hensel,  8.  I.  Halperln  and  R.  C.  Dynes,  Bui.  Am.  Phys.  Soc.  28 
(1983)  324. 

15.  C.  T.  White  and  K.  L.  Ngal,  Surf.  Scl.  98  0  980)  227. 

16.  H.  J.  Kelly,  Solid  State  Cosbih.  27  0978)  717. 

17.  J.  C.  Hensel,  R.  C.  Dynes  and  D.  C.  Taul,  Surf.  Scl.  jN3  (1982)  249  «od 

Phys.  Rev.  B  (in  press). 

18.  G.  Bergmann,  Solid  Stats  CooHin.  46  0901)  347. 

19.  H.  Peppar  (this  confarenee);  R.  C.  Dynes,  Surf.  Sci.  113  0902)  510. 

20.  A.  Plnczuk,  .1.  M.  Worlock,  H.  L.  Stormsr,  R.  Dingle,  V.  Wlegmann  and  A. 

C.  Gosaard,  Solid  Stats  Cinn.  36  0980)  43;  C.  Abet  re  l  tar,  Ch.  Xellar 
and  K.  Ploog  in  Calllf  Aremenlde  and  Related  Coayounda,  1980,  edited  by 
H.  H.  Thin  (Institute  of  Phyelca,  Bristol)  pp.  741. 

21.  D.  C.  Tsui,  Th.  Englert,  A.  T.  Cho  and  A.  C,  Gosaard,  Phys.  Rev.  Lett.  44 
(1980)  34J }  n.  A.  Brummsl,  R.  J.  Nicholas,  J.  C.  Portal,  N.  Raaaghl  mod 

N.  A.  Poisson,  Physics  116  8  0963)  733. 

391 


1 


•« 


! 

! 


\ 


0 


22.  M.  Hor  at ,  t».  Merkt  and  J.  P.  Kottheus,  Phya.  Rev.  Lett.  50  (1983)  754. 
73.  R .  J.  Nicholas,  E .  Kresa-Rogers ,  J.  C.  Portal,  J.  Gallbert  and  A.  Chevy, 
Surf.  Scl.  J_l_3  ( 19831  339. 

24.  B.  Vinter,  Phya.  Rev.  8  2£,  (1983)  6808  and  references  therein. 

25.  S.  Dae  Saras,  Phys.  Rev.  Lett.  50  (1983)  211. 

26.  T.  Ando,  J.  Phya.  So-.  Japan  51  (1982)  3215. 

27.  p.  A.  Lee,  Phya.  Rev.  8  26  (1982)  5882. 

28.  0.  Llndemann,  W,  Seldenbusrh,  R.  Leaning,  J,  Ed  linger  and  E.  Corn lk, 
Phyalca  118  B  *  C  (1983)  649. 

29.  C.  Kldo ,  N.  Mlura,  H.  (ltmo  and  H.  Sakakl,  J.  Phya.  Soc.  Japan  51  (1982) 
2168. 

30.  J.  Scholr,  F.  Koch,  J.  Ziegler  and  H.  Haler,  Solid  State  Coaaun.  46 
(1983)  665. 

31.  r.  Takada,  J.  Phya.  Soc.  Japan  *5  (1978)  786. 

32.  M.  J.  Kelly  and  W.  Hanke,  Phya.  Rev.  8  23  (1981)  112  and  924. 

33.  J.  C.  Henael,  tbla  conference. 

34.  H.  J.  Kelly.  J.  Phya.  C  16  (1983)  L  517. 

33.  u.  L.  Blots,  L.  J.  Shaa  and  B.  Vinter,  Phys.  Rev.  Lett.  43  (1979)  1529. 

36.  S.  Das  Sanaa  and  B.  Vinter,  Phys.  Rev.  B  26  (1982)  960. 

37.  R.  E.  prange  and  L.  P.  Kadanoff,  Phys.  lev.  134  A  (1964)  566. 

38.  A.  B.  Mlgdal ,  Sov.  Phys.-JETP  7  (1958)  996. 

39.  A.  Madhukar,  Solid  State  Gown.  24  (1977)  11. 

40.  B.  Vinter,  Phys.  Bev.  B  (1976)  4447. 

41.  C.  N.  El laehbarg,  Sov.  Phys.-JETP  16  (1963)  780. 

42.  T.  Nsngebauer  and  G.  Lenduehr,  Phys.  Rev.  •  21,  (1980)  702. 

43.  J.  $ak.  Phys.  lav.  B  6  (1972)  3981. 

44.  s.  Dae  Serna  and  B.  A.  Has on,  to  be  pub 11a had. 

45.  A.  Madhukar  and  S.  Das  Serna,  Barf.  Scl.  98  (1980)  135. 

46.  B.  B.  Varga,  Phys.  tev.  A  |37  (1965)  1986. 


0J|9 


47.  A.  Pincxuk  and  J.  H.  Uorlock,  Surf.  Scl.  113  (1982)  691  snd  Physics  118 
B  *  C  (1983)  637. 

48.  A.  Hartstein,  A.  B.  Fouler  and  M.  Albert,  Surf.  Scl.  98  (1980)  181. 

49.  P.  Maldague,  Surf.  Scl.  73  (1978)  296. 

50.  S.  Das  Saras  and  B.  Vinter,  Phys.  Rev.  B  24^  (1981)  549  snd  Surf.  Scl. 

113  (1982)  176. 

51.  P.  Stern,  Phys.  Rev.  Lett.  18  (1967)  546. 

52.  S.  Dss  Saras,  Solid  State  Coaaun.  36  (1980)  357  and  Phys.  Rev.  B  23 
(1981)  4592. 

53.  T.  Ando,  J.  Phys.  Soc.  Japan  43  (1977)  1616. 

54.  1h.  Englcrt ,  J.  C.  Haon,  Ch.  Vlhleln,  D.  C.  Tsui  and  A.  C.  Costard ,  Solid 
State  Coaaun.  46  (1983)  545  and  J.  Vac.  Scl.  Technoi.  B  J_  (1983)  427. 

55.  H.  Jonaon,  J.  Phya.  C  9  (1976)  3055. 

$6.  P.  Maldague,  Sol.  State  CoaKin.  26  (1978)  133. 

57.  A.  Czachor,  A.  Holes,  S.  R.  Sharaa  and  K.  S.  Slngvl,  Phya.  Rev.  B  25 
(1982)  2144. 

58.  A.  B.  Fouler  and  A.  Hartstein,  Philos.  Hag.  B  42  (1980)  949. 

59.  P.  J.  Price,  Ann.  Phys.  133  (1981)  217. 

60.  P.  J.  DlSalvo,  Surf.  Scl.  38  (1976)  297. 


r 


3S.1 


r ' 


* 


( 


i 


( 


i 

i 

i 

* 


\<?:r 

Mr-  Show*  th*  pclaronle  maaa  correction  In  quasl-twi-  dlMntlona! 

intn  ••  *  fun'-tl<'->  of  th#  width  parameter  (  <m  b^So)  for 
different  value*  of  the  srrvenln*  parameter  y  (•  W<J0). 


Show*  i he  polaf«'nl«  binding  energy  In  quatl*tw<.>  dimensions! 
avst»-m  a*  h  f  action  of  parameter  P  for  different  value*  of  i. 


Show*  t  ne  (»-«  ir  IraM 1  tty  ?(k)  e*pre*»ed  In  the  -inlta  of  the  long 
wavelength  • op-  Interact  leg  polarlrahlllty  function.  Raault*  f  *r 

three  different  valuaa  of  the  parameter  tky(*>  «•.  10,  2)  are 
ahowr. 


F|g.  4;  Shown  the  level  broadening  r  In  Sl(lOO)  electron  Inveralon  layer  aa 
a  function  of  Impurity  denalty  <WA )  for  a  fixed  value  of  carrier 
dent  it j  (*$>• 

fig.  5:  lnverae  aoblllty  a”1,  la  shown  aa  a  function  of  Nj  fur  a  fixed 

value  of  Nf.  The  full  curve  le  the  result  of  the  self-consistent 
screening  theory  whereas  the  dashed  curve  la  the  simple  Born 
epproxlmat ion  result  that  le  linear  In  dj.  The  experimental  points 
from  Ref.  *8  ere  also  shown. 
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INFRARED  STUDIES  OF  THE  <.'aAs/(GaAI)As  2PFC 
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Bel)  Laboratories 
Murray  Hill,  New  Jersey  07974 
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ABSTRACT 

Cyclotron  resonance.  (CR).  of  electron  apace  charge  layer*  produced  in  CJaAx/fGxAl)  As 
hctcrmtructure*  has  been  studied  with  magnetic  fields  up  to  20T  and  frequencies  from  d.c.  to  the  TO 
optic  phonon  frequency  Anti  level  crossing  of  Landau  levels  and  electric  subband  transitions, 
cyclotron  line  splitting  at  a  magnetic  fiuid  determined  by  the  2D  electron  density,  and  pinning  of  the 
cyclotron  icsonance  and  localization  in  a  low  mobility,  low  density  samples  have  been  investigated. 
******** 

The  electron  space  charge  layer  formed  in  a  selectively  doped  GxAs/(GaA»As  betercstruclureu 
(Fig  I)  has  emerged  as  an  interesting  mode)  system  in  which  to  study  magneto  transport  in  lw»- 
dimensions  The  observations  of  plateaus  in  the  quantized  I  fall  resistance  at  fractional  occupation 
of  1-andau  levels  was  totally  unexpected7  and  condition*!  on  the  high  mobilities4  that  can  be 
achieved  in  this  system  To  learn  more  about  these  high  mobility  2D  systems  we  have  sludied 
cyclotron  resonance.  (CR),  m  a  variety  of  samples  Although  the  original  goal  of  this  research  was 
to  examine  the  behavior  of  CR  at  fractional  occupation  of  the  lowest  Landau  level,  a  number  of 
remarkable  observations  have  been  made  at  more  modest  magnetic  fields  and  densities  and  we 
rspkve  them  here 


If  the  magnetic  field  is  tipped  slightly  with  respect  to  the  sample  normal,  it  is  possible  to  induce 
a  coupling  between  the  motion  parallel  to  the  surface,  Landau  levels,  and  the  perpendicular  subband 
levels  *-*  Figure  2  shows  a  classic  anti  level  crossing  between  the  CR  and  electron  subbond 
transition  The  splitting  is  proportional  to  the  tip  angle  t  at  shown  in  Fig.  3. 
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By  applying  a  voltage  to  a  gate  destitute  on  the  back  of  a  thinned  Simple,  the  electric  subband 
ttgnittton  energy  can  be  Stark  tuned  Fig.  4  shows  tbe  experimental  variation  of  tbc  electric 
subband  transition  energy  and  electron  density  with  gate  voltage  The  solid  fine  is  an  estimate  of 
the  theoretical  tuning  rate  assuming  a  triangular  potential  welt74  model  of  the  interface  fixed  only 
by  depletion  layer  charges.  Inclusion  of  the  Hartree  term  will  decrease  the  slope  of  the  theory  line 
improving  tbe  agreement  with  experiment 

Although  tbe  spectra  are  probed  with  the  electric  field  in  the  plane  of  interftce,  the  anti  level 
crossing  occurs  si  the  frequency  of  the  depolarization  thi/ted  electric  subband  transition.  (Any 
uniform,  (q-O).  infrared  excitation  can  only  sense  this  depolarization  shifted  energy.)  A  precise 
measure  of  the  angle  dependence  of  the.  splitting  should  give  tbe  electric  dipole  matrix  element 
between  these  two  states  and  provide  a  critical  lest  of  models  of  electric  subband  states  is  this 
system. 

fc.  CR  li*v  Spfctttu* 

At  lower  magnetic  fields  samples  such  as  the  aforementioned  reveal  another  unrelated  and  totally 
unexpected  CR  line  splitting  or  broadening,  which  doe*  not  depend  on  small  tip  angles  of  the 
magnetic  field  with  respect  to  the  sample  normal.  Fig.  5  shows  tbe  evolution  of  the  spectra  for  a 
sample  with  electron  density  n.  -  3.9  *  10*  7cm4*.  CR  peak  frequencies  and  tbe  conductivity  as  a 
function  of  magnetic  field  are  shown  in  Figure  6.  Tbe  2D  electron  density  is  obtained  from  the 
Shubnikov-de  Haas  oacillatioes  in 

Although  previous  studies  in  this  range  of  magnetic  field  and  density  report  a  fine  broadening 
when  the  Landau  levels  are  just  filled  *  we  find  that  this  broadening  /splitting  depends  sub-liuearly 
on  the  2D  electron  density  (Figure  /).  The  solid  line  in  Figure  7  is  proportional  to  n?.  This  role* 
out  filling  factor  as  a  critical  parameter  and  suggests  that  electron-electron  interactions  play  a 
critical  role 

At  elevated  temperature*  jM'K  the  doublet  shown  in  Fig.  5  collapses  to  a  single  line  narrower 
than  tbe  combined  width  seen  at  I  3K. 
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The  ability  of  electro*! -electron  interactions  to  effect  CR  once  translational  symmetry  has  been 
broken  by  imparity  scattering  baa  been  totnei  by  Fukuyama  et  al  *•  Ptatjman  et  al  11  have  shown 
that  dynamic  screening  can  lead  to  varied  lu>e  shapes,  but  it  is  not  clear  that  the  systematic, 
revealed  here  will  emerge  from  these  theories  »  a  convincing  way. 

C  rWndCWhUM  I»ri  »»■ 

Although  the  position  of  the  Inc  broedcBtng/spliUing  docs  not  depend  on  mobility  the  character 
of  the  splitting  discussed  in  the  last  section  docs  depeed  on  this  parameter.  If  we  examine  a  sample 
with  low  density  and  mobility,  which  shows  strong  negative  magneto-resistance,  we  find  that  (he  CR 
exhibits  a  pinned  behavior11  over  a  wide  field  range  However,  at  sufficiently  low  magnetic  fields  the 
resonance  docs  not  hang  up  al  the  pinning  frequency,  as  would  be  expected  if  the  electron  gas  were 
in  fact  trapped  or  exponentially  localized.  Rather,  it  drops  below  the  expected  CR  line  position  and 
gives  rise  to  a  broad  resonance  with  heavy  mass.  Thu  behavior  may  be  related  to  that  described  in 
the  previous  section. 

At  elevated  temperatures,  s=JO*K,  the  “pinned"  behavior  disappears  giving  a  broad  resonance 
that  follows  the  expected  linear  CR  frequency  versus  magnetic  field  behavior. 
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W«  have  tried  to  indicate  the  wealth  of  phenomena  that  has  been  revealed  in  the  high  frequency 
magneto  transport  (CR)  of  this  system.  Despite  the  high  mobility  and  apparent  mode)  nature  of  the 
2DEG  in  GaAs  a  number  of  features  have  emerged  that  art  not  easily  understood.  The  coupling  of 
the  CR  and  subbund  transitions  b  the  notable  exception.  However,  the  line  splitting  at  a  critical 
field  and  the  pinning  in  low  density  /mobility  samples  require  some  detailed  theoretical  modeling 
before  we  tan  lay  claim  to  properly  understanding  magneto  transport  in  two  dimensions. 


We  would  like  to  eefcoowtedge  the  assistance  of  K.  Baldwin  and  A.  Savage  in  sample  preparation 
aad  F.  DeRosa  for  taking  some  of  the  spectra.  All  work  above  ST  was  performed  at  the  Frauds 
Bitler  National  Magnet  Lab  at  M.l.T.  where  B.  L.  Brandt,  L.  O.  Rabin,  P.  A.  Wolff,  and  B.  Lax 
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ELECTRIC  SU8BANDS  IN  THE  UMT  Eg  -  0 
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8046  Garching,  Fed.  Rep.  of  Gemwny 
and 

J.  Ziegler  and  H.  Haler 

Telefunken  Electronic,  7100  Heilbronn,  Fed.  Rep.  of  Germany 

Abstract 

The  subband  energy  separations  EQ,  and  E^  **“*  shown  to  depend 
sensitively  on  the  energy  gap  Eg  when  tunneling  overlap  of  the 
surface-bound  electron  with  a  filled  valence-band  state  be¬ 
comes  possible. 

Introduction 

In  a  mmfcer  of  recent  publications  electronic  subbands  In  an  accumulation 
layer  on  Mg^Cd^T*  with  x  %  0.2  have  been  studied.  In  particular,  subband 
energy  separations  have  been  determined  In  far-infrared  resonance  experl- 

W'. 

It  has  been  speculated  for  some  time  that  for  Hg^Cd^Te  with  Its  small 
and  x-deptndent  Eg  one  should  be  able  to  observe  the  effects  of  a  surface- 
potential-  Induced  coupling  of  the  conduction  and  valence  band  states.  Tha 
point  has  most  recently  been  made  by  Takada  et  al.  in  ref.  /2/.  From  a  realis¬ 
tic,  self-consistent  potential  calculation  for  the  subbands  the  authors  have 
estimated  that  tunneling  overlap  of  the  surface  electrons  with  the  valence 
band  states  becomes  significant  when  x  \  0.2.  The  electrlc-fleld-lnduced  tun¬ 
neling  is  responsible  for  band-mixing.  Such  bend-band  Interaction  Is  Included 
In  principle  also  In  the  very  lucid  formulation  by  Zawadzkl^  of  the  subbands 
and  resonant  excitation  for  narrow-gap  s ami conductors. 


To  date  there  exists  no  satisfactory  numerical  evaluation  of  subband 
energies  in  the  bend-mixing  situation.  The  Takada  et  al.  calculation^, 
which  explicitly  ignores  this  effect,  gives  a  subband  separation  for  Hg^Cd^Te 
which  Is  only  weakly  dependent  on  x  when  the  latter  varies  between  0.17  and 

0.32.  The  energy  E?  -  Eg  *  Egj  Is  calculated  as  ^  35  meV  for  surface  density 
12  -2 

Ns  -  1  x  10  cm  .It  decreases  as  Eg  Increases  with  x,  an  effect  that  one  may 
link  with  the  Increasing  m*.  In  the  triangular  potential -well  description,  E01 
is  proportional  to  (m*)”^.  For  comparison  with  this  Eq1  of  35  meV  we  note 
that  the  gap  energy  at  4.2  K  varies  approximately  linearly  from  ^  10  meV  at 
x  >  0.17  to  60  meV  for  x  ■  0.20. 

The  Experiments 

He  became  aware  of  a  very  significant  N} -dependence  of  a  given  resonance 
transition  such  as  EQ1  or  E^  hy  comparing  the  subband  excitation  on  different 
samples.  Thus  the  detector-type  samples  with  anodlcally  oxidized  surface 
layers  (as  In  ref./t/)  gave  Revalues  trfilch  were  typically  a  factor  of  2  -  3 
less  than  comparable  lacquer-type  samples  with  different  x-values  In  the  sur¬ 
face  region.  The  fact  that  the  stoichiometric  composition  of  the  surface 
layer  for  tnodlcally-oxidlzed  Hg^xCdxTe  differs  significantly  from  the  bulk- 
value  xy  has  now  been  established  from  surface  cyclotron  resonance  and  subband 
spectroscopy^.  The  present  work  Is  not  concerned  with  such  differences  but 
seeks  to  establish  the  experimental  facts  as  to  how  the  subband  energies 
depend  on  Eg. 

For  this  purpose  we  work  with  a  series  of  "lacquer- type"  samples  prepared 
from  material  with  x-values  0.171,  0.181,  and  x  ■  0.200,  as  determined  from 
density  analysis.  The  sample  surface  Is  polished  In  a  bromine -methanol  solu¬ 
tion  and  coated  with  an  insulating  lacquer  1  mediately  afterwards.  A  thin  gate 
electrode  K  100  A  nlchrome)  Is  evaporated  onto  the  lacquer.  Because  there  Is 
no  significant  difference  of  surface  CR  (in  the  limit  ♦  0)  and  the  corres¬ 
ponding  volume  CR  on  such  samples  we  conclude  that  for  such  samples  x#  %  xy. 
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A  check  of  the  volume  CR  serves  to  confine  the  above  x-values  to  an  accuracy 
of  the  order  of  -  0.02. 

The  subband  resonance  on  the  various  samples  Is  observed  In  a  45°  reflec 
tion  (R)  geometry  and  recorded  as  a  derivative  dR/dVg  for  \o  ■  10.5,  12.9, 
17.6,  and  30.2  meV.  Fig.  1  shows  such  resonance  data  for  17.6  meV.  The  reson¬ 
ance  structures  on  the  Drude-type  background  are  not  as  sharp  and  well -re¬ 
solved  In  Fig.  l  as  for  the  case  of  the  previously  published  detec tor- sample 
data'1'.  Nevertheless  b,  carefully  observing  the  evolution  of  the  signals 
with  K;  and  we  arrive  at  the  assignment  of  the  peaks  as  In  the  figure. 
*ransit<ons  marked  a  are  the  depolariyatlon-shf fted,  perpendicularly-excited 
modes .  The  unmarked  transitions  represent  true  subband  energy  splittings.  In 
F*g.  2  we  have  collected  the  resonance  data  obtained  for  the  four  values  of 
tW  In  order  to  construct  curves  of  subband  energy  vs.  Ns  for  each  of  the 
different  materials. 

To  Illustrate  how  sensitively  the  separations  Efl1  and  E12  depend  on  x 
at  a  fixed  density  Ns  «  1  x  1012cm‘2  we  have  constructed  the  following  table 
using  tne  data  from  Fig.  2. 


The  data  In  the  table  must  be  contrasted  with  the  calculation  In  ref.  /2/» 
which  gives  and  E^2  nearly  independent  of  x  In  the  range  0.17  -  x  -  0.20. 
For  p-type  material  with  -  Up  -  1015  c«‘3,  Takada  et  al./2/  give  Egj 
35  meV  and  E^  *  18  mtV.  The  discrepancy  of  theoretical  and  experimental 
values  Is  unusually  large.  Moreover  the  theory  does  not  properly  describe 
the  sensitive  dependence  of  the  subband  energies  on  Eg.  We  note  that  the 
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level  separation  EQt  In  the  table  decreases  by  a  factor  3,  while  energy  E?? 
changes  by  only  ^  40?.. 


(dR/dVg)  signal  at  llw  «  17.6  meV  Fig.  2:  Subband  energies  E^(O-I)  and 
for  samples  with  different  x.  E12(1-2)  vs.  Ns  for  different  x. 

For  the  case  of  several  occupied  subhands  It  must  be  kept  In  mind  that 
the  resonances  are  not  strictly  energies  between  the  bottoais  of  a  pair  of 
levels.  Because  the  k„  -  0  transitions  are  blocked  by  occupancy  effects,  the 
resonance  Is  a  weighted  contribution  for  finite  k#.  The  energy  difference, 
however,  in  comparing  with  the  k|  »  0  result  from  ref.  /2/  Is  not  nearly  as 
large  as  the  discrepancy.  The  "finite  k^" -shift  for  InSb  and  InAs  has  turned 
out  to  be  only  a  few  percent. 
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Discussion  ind  Conclusions 

The  experimental  evidence  in  Table  1  for  an  influence  of  Eg  on  the  sub¬ 
band  energies  is  clear-cut.  The  effect  is  much  stronger  than  the  theory  In 
ref.  iZi  allows.  Moreover,  It  has  a  different  sign  than  one  may  expect  from 
the  dependence  of  m-  on  Eg.  The  subband  separations  decrease  with  narrowing 
of  the  band-gap.  we  suggest  that  this  Is  prima  facie  evidence  of  band-mixing 
via  the  tunneling  Interaction. 

In  the  absence  of  subband  calculations  which  treat  band-mixing  we  are 
free  to  speculate  about  the  consequences  of  having  a  significant  overlap  of 
the  electron  subband  wave-function  with  the  filled  state  In  the  valence  band. 
The  overlap  is  most  Important  for  the  n  -  0  groundstate  as  sketched  In 
Fig.  3.  The  higher  lying,  n  -  1  or  2  levels  need  not  even  coincide  with  a 
filled  state  of  the  valence  band.  Since  both  the  conduction  and  valence  band 
states,  whose  wavefuncttons  overlap  In  the  figure,  have  the  Bloch  function 
js>  and  Jp>  admixture  of  a  typical  narrow-gap  semiconductor,  we  have  a  situa¬ 
tion  In  irfilch  electrons  with  the  same  "quantum  numbers"  are  In  the  same 
region  of  space.  Pauli  exclusion  must  be  operative  In  this  situation.  The 
effect  could  be  to  reduce  the  |s)  and  |p)  admixture  that  comes  from  the 
k* p- perturbation,  with  the  subband  state  becoming  more  s-llke  and  the  valence 
electron  more  p-like.  The  net  effect,  as  suggested  by  the  observations. 

Is  that  there  is  a  level  repulsion  In  which  the  n  »  0  state  In  Fig.  3  Is 
pushed  up.  Eqj  Is  decreased  as  a  result,  moreover,  it  Is  decreased  more  than 
the  corresponding  separation  E^  **  Table  1  shows. 

It  Is  interesting  to  note  that  the  tunneling  effect,  which  In  principle 
allows  the  electron  to  leak  out  of  the  surface  potential  well,  results  In 
raising  the  n  ■  0,  groundstate  energy.  Tunneling  Into  an  empty  valence  band 
state  should  lower  and  broaden  the  surface  subband  energy,  level  repulsion 
thus  applies  only  to  the  case  of  a  filled  valence  band. 


Fig.  3:  Sketch  of  the  surface  potential  well  with  n  «  0,  1,  2 
subbands.  The  tunneling  overlap  of  valence  and  conduction  band 
wave-functions  Is  largest  for  n  »  0. 


Enough  for  the  speculations!  The  subband  spectroscopy  evidence  for  a 
band-mixing  effect  Is  clear-cut.  It  Is  time  for  a  quantitative  theory,  per¬ 
haps  along  the  line  of  the  theory  In  ref.  /3/. 
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Intersubband  Resonance  of  Holes  and  Interaction 
with  2D-Plasmons  on  SI 

A.  p.  Wieck,  C.  Batke,  D.  Heltmarn,  and  3.  P.  Kotthaus 
Inst  1  tut  liir  Anoewandtc  Physik,  DnlversitSt  Hamburg 
Jungl usstraBe  11,  2000  Hamburg  36,  F.  R.  Germany 


Intersubband  resonances  of  holes  have  been  investiga¬ 
ted  on  high  svmmetry  surfaces  of  silicon  foi  a  wide 

ranoe  of  frequencies  * 30-400  cm  1 )  and  charge  densities 
m - 8  x  io' 3cn-2)  with  Fourier  transform  spectroscopy. 
Spectra  are  measured  iv  transrission  with  the  far  Infra¬ 
red  radiation  polarized  parallel  to  the  Sl-Si02  inter¬ 
face  and  allow  a  detailed  analysis  of  excitation  strength 
and  resonance  llne^haoe  .  Also  [>oa.siM«?  interactions  of 
energetical ly  low  lying  subband  resonances  and  2D-plaa- 
•ons  have  been  studied. 


Intcrsubband  resonances  In  electron  space  charge  layers  on 
Si  have  been  studied  in  great  detail  experimentally  and  theore¬ 
tically  In  contrast  there  exist  only  little  information  on 

the  more  complex  surface  bandstructure  of  holes  /2-7/.  Using 
Fourier  transform  spectroscopy  we  have  studied  hole  Intersubband 
resonances  on  the  three  principal  surfaces  of  51(100),  (IIO)  and 
MM)  for  a  vide  range  of  frequencies  (30-400  cm”1)  and  charge 


cuasion  of  the  results  on  the  ( 1 10) -surface ,  which  is  especially 
intereating  because  of  its  anisotropy. 
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Because  of  the  warped  energy  contours  of  the  valence  bands 
and  the  nonparabollc  subbandstructure  intersubband  resonances 
can  be  excited  with  electric  field  components  parallel  to  the 
surface  and  thus  can  be  observed  in  normally  transmitted  radia¬ 
tion.  Experiments  are  performed  on  HOS- capacitors  at  4  to  15  K. 
Typical  sample  parameters  are:  qate  diameter  4-5  mm,  gate  re¬ 
sistance  500fl/a , substrate  resistivity  20  (1cm,  oxide  thickness 
4b  nm.  Both,  accumulation  Layers  In  p-type  substrates  and  quasi 
accumulation  layers  in  band  gap  Illuminated  n-type  samples  are 
Investigated  and  yield  essentially  the  same  results. 

Typical  experimental  spectra  of  the  relative  change  in  trans¬ 
mission  -AT/T  «  - Cr< vq) ~T (VT)] /T(Vt)  with  VG«gate  voltage  and 
VT*thre*hold  voltage  are  shown  in  Fig.  1.  The  intersubband  reso¬ 
nance  is  superimposed  on  the  2D-Drude  absorption  and  shifts  with 
increasing  charge  density  to  higher  wavenumbers.  The  diffe¬ 
rent  strength  of  the  Drude  absorption  in  Fig.  T  for  the  diffe¬ 
rent  polarization  Is  caused  by  the  anisotropic  mass  of  the  (110) 
surface  /8/*  Our  data  alao  show  that  the  excitation  strength  of 
the  Intersubband  resonance  Is  significantly  different  for  both 
directions  of  polarization.  However,  within  the  experimental 
accuracy  the  peak  position  is  not  affected  by  the  polarization. 

We  like  to  note,  that  our  transmission  measurements  are  cali¬ 
brated  and  thus  sake  possible  direct  comparison  with  theoretical 
excitation  strengths.  Our  frequency  domain  study  allow  also 
direct  analysis  of  the  resonance  llneshape.  Subetracting  the 
Drude  background,  the  Intersubband  resonance  is  found  to  be 
strongly  asymmetric.  This  reflects  the  fact*  that  for  holes  the 
energies  of  different  subbands  i  show  different  depen- 
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Fig.  1 ;  Frequency  dependent  lntorsubband  resonance  excitation 
on  p-accufliulation  layer*  of  Si  (1 10)  for  different  charge  den¬ 
sities  N#  and  polarization  of  the  Infrared  electric  field 
parallel  to  [001]  and  [110]. 

Fig.  2:  Hole  intersubband  resonance  positions  for  Si  (110).  Full 
symbols  (•,*)  show  data  for  two  typical  samples.  Positions  (A) 
have  been  extracted  from  laser  spectroscopy.  (O)  are  experimen¬ 
tal  results  from  /3/.  Lines  indicate  theoretical  resonance  ener¬ 
gies  at  according  to  /5/.  (e.g.  lo»hj,  means  a  transition 
from  the  lowest  light  hole  subband  1Q  to  the  first  excited  heavy 
hole  subband  hj,  s.  o.  means  spin  orbit  split  off  subbands.) 
Dashed  lines  indicate  the  density  regime  where  1Q  Is  not  occupied. 
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dence  on  the  waveve-tor  k  and  also  split  for  different  spin 
orientations  c  for  /T>  / .  Experimentally  we  find  that  the 

linewidth  increases  with  increasing  charge  density  Ns<  which 
is  consistent  with  increasing  dispersion  effects  for  higher  Nfl. 

Experimental  resonance  positions  are  plotted  in  Fig.  2.  For 
different  samples  data  coincide  within  +1.5»eV. They  compare  well 
with  calculations  of  Bangert  et  al.  /5/  and  correspond  to  a 
transition  from  the  lowest  heavy  hole  subband  hQ  to  the  lowest 
light  hole  subband  1Q.  Deviations  of  experimental  and  theoreti¬ 
cal  resonance  energies  at  low  charge  densities  can  be  ex¬ 

plained  by  two  effects,  first  that  many  body  correction  are  not 
included  in  the  theory  /5/  and  second  that  the  calculations  are 
carried  out  for  inversion  conditions  whereas  our  experiments 
are  performed  on  accumulation  layers.  Both  effects  become  impor¬ 
tant  at  1«#  densities.  For  low  densities,  extrapolation  of  our 
data  also  agrees  with  experimental  results  of  /3/.  In  laser 
transmission  experiments  we  also  detect  a  second  transition  at 
low  energies,  which  compares  with  a  lQ-*h1 -transition  of  /5/.  The 
excitation  strengths  of  this  transition  is  comparatively  weak. 
Possible  reasons  ate  a  low  occupation  of  the  lQ-subband,  matrix 
element  effects  and  perhaps  also  the  fact,  that  the  light  hole 
energy  contours  are  rather  Isotropic  and  little  nonparabolic. 

For  comparison  we  wish  to  note  briefly  that  on  Si  (lOO)  we 
observe  a  transition  which  compares  well  to  s  lQ*h1  transition 
in  /5/.  On  Si  (111)  we  see  a  weak  structure  that  agrees  with  a 
lQ*h ^  transition  of  /5/  but  the  main  observed  resonance  cannot 
be  easily  identified.  The  good  agreement  of  theoretical  resonance 
energie  with  the  experimental  data  for  many  transitions  remains 
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surprising,  since  All  theoretical  data  are  evaluated  for  £»o, 
thus  k -dispersion  effects  are  not  included  In  the  comparison  of 
experiment  and  theory. 

On  samples  with  periodically  structured  qates  2D-plasmons 
cun  be  excited  with  FI R-radiation .  Recently,  2D-plasmons  have 
been  observed  in  hole  apace  charge  layers  /8/.  With  presently 
available  grating  fabrication  techniques  plasmon  wavevectors  q 

about  2  x  105cn' '  can  be  achieved,  which  corresponds  to  plaamon 

-1  12-2 
frequencies  of  about  ISC  cm  at  charge  densities  Ng-5x  10  cm 

Since  in  hole  space  charge  layers  energetically  relatively  low 

lying  intersubband  resonances  exist,  it  is  possible  to  obtain 

coincidence  of  the  plasmon  energy  and  an  intersubband  spacing  at  the 

same  density,  hi  the  (11C)  surface  the  l^h^  transition  coincides 

with  the  plasmon  dispersion  for  plasmon  wavevectors  q% 1.2  x  105 

•  1  12-2 
cm  at  densities  about  5  x  JO  cm  .  For  this  transition  we  find 

on  many  samples  with  periodically  structured  gates  a  more  pro¬ 
nounced  excitation  strength  in  comparison  with  samples  without 
crating  if  the  intersubband  resonance  occurs  within  the  line- 
width  of  the  plasmon  excitation.  Also  deviations  of  the  measured 
plasmon  dispersion  from  the  /FT' -dependence  in  the  crossing 
regime  give  evidence  for  an  interaction  of  plasmon  and  inter¬ 
subband  resonances.  However,  more  experiments  are  necessary  to 
achieve  a  quantitative  understandino .  Also,  if  gratings  with 
smaller  periodicities  and  corresponding  higher  plasmon  wavevec¬ 
tors  and  energies  became  available,  it  is  interesting  to  study 
these  interactions  in  <.ir~t,on  space  charge  layers  with  much 
sharper  resonances. 
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PHOTOCONDUCTIVITY  Oft  GaAs-A^Ga,./*  HETEROSTRUCTURES 

0.  Stein,  6.  Ebert,  and  K.  v.  Klltzlng 
Physik -Department,  Technische  Universltat  HLinchen 
8046  Garchlng,  Fed.  Rep.  of  Germany 
and 

G.  Melmann 

Forschungslnstltut  der  Deutschen  Bundespost  belm  FTZ 
6100  Darmstadt,  Fed.  Rep.  of  Germany 

Abstract 

The  variation  of  the  resistivity  o%%  of  GaAs-A)xGi1-jtAs 
heterostructures  at  T  -  1.5  K  under  far-infrared  or  micro- 
wave  Irradiation  Is  analyzed  as  a  function  of  the  magnetic 
field.  The  observed  resonances  are  attributed  to  cyclotron 
resonance  and  electric-dipole  Induced  electron  spin  resonance. 

Photoconductivity  measurements  on  semiconductors,  which  are  often  more 
sensitive  than  absorption  measurements,  are  mainly  used  for  the  detection  of 
optical  transitions  between  sharp  energy  levels.  In  this  paper  we  present 
photoconductivity  measurements  on  GaAs-Al^Ga j^As  heterostructures  as  a  func¬ 
tion  of  the  magnetic  field  under  microwave  or  far-infrared  Illumination. 

The  samples  have  standard  Hall  geometry  and  consist  of  1.5  pm  undoped 
GaAs  on  insulating  GaAs,  a  spacer  of  undoped  A1Q  ^Gdg  7As,  60  nm  SI -doped 
Alg  ^Gdg  7A*«  »nd  20  nm  undoped  GaAs.  The  two-dimensional  carrier  densities 
are  about  2.3  x  lO^cm"*  and  4.6  x  lO^cm'2  for  a  spacer  of  14  nm  and  5  nm, 
respectively.  The  variation  of  the  resistivity  pxx  due  to  Infrared  radiation 
(*  -  H8  ym  and  >  ■  337  pm)  or  microwaves  In  the  frequency  range  12  GHz  - 
35  GHz  Is  measured  as  a  function  of  the  magnetic  field.  Photovoltaic  signals 
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a|  Resistivity  oxx  and  the 
variation  of  the  resistivity 
pxx  UIM,#r  *Icrowave  or  FIR 
radiation  as  a  function  of  the 
magnetic  field  B.  For  coaqu- 
rlson,  the  thermomodulation 
signal  Apxx/At  Is  shotm  as 
well.  The  observed  resonance 
structures  are  attributed  to 
cyclotron  resonance  (CR)  and 
electron  spin  resonance  (ESR). 
b[  The  time-dependence  of  the 
photosignal  under  FIR  redli- 
tlon  (A  ■  118  pm)  at  two  dif¬ 
ferent  magnetic  field  values 
A  and  8  {see  Fig.  fa). 
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art*  eliminated  by  analyzing  the  variation  of  the  photosignal  under  a.c.  con¬ 
ditions  with  an  additional  lock-in  amplifier.  The  ten*>erature  in  all  photocon¬ 
ductivity  experiments  was  typically  1.5  K. 

A  survey  of  experimental  data  is  shown  In  Fig.  la.  The  upper  two  curves 
are  5hutmikov-de  Haas  measurements  for  different  temperatures.  At  T  «  25  mK 
the  spin  splitting  of  the  Landau  levels  n  *  1  and  n  *  2  are  clearly  resolved, 
whereas  the  structure  visible  at  a  filling  factor  v  ■  4/3  at  T  «  1.4  K  dis¬ 
appears  below  300  mK.  Since  photoconductivity  data  are  usually  Influenced  by 
a  bclometric  signal,  the  thermomodulation  signal  dpxx/dT  Is  shown  In  Fig.  la, 
too. 

The  measurements  under  FIR  radiation  show  usually  a  strong  enhancement 

/I  2/ 

of  the  photosignal  at  the  magnetic  field  of  cyclotron  resonance  *  How¬ 
ever,  if  the  resonance  lies  In  the  plateau  region  (o%%  »  0),  the  absorption 
process  is  not  visible  in  photoconductivity.  This  means  that  the  lifetime  of 
photoexoted  carriers  Is  extremely  small.  The  time -dependence  of  the  photo¬ 
signal  (FI q.  1b)  demonstrates  that  at  least  two  different  processes  with  dif¬ 
ferent  time  constants  contribute  to  Aoxx-  The  amplitude  and  the  sign  of  the 
contributions  vary  Independently  with  magnetic  field.  The  signal  with  a  time 
constant  of  more  than  10  ms  is  attributed  to  a  modulation  of  the  lattice 
temperature,  Pereas  the  fast  response  originated  from  an  electronic  process 
which  leads  to  a  change  In  the  electron  distribution  function  and  In  the 
simplest  case  to  a  variation  In  the  electron  temperature.  We  have  no  explana¬ 
tion  for  the  fact  that  at  the  magnetic  field  position  B  (cyclotron  resonance 
field)  only  the  fast  photosignal  Is  visible.  This  result  may  indicate  that 
radiative  recombination  is  very  effective  under  this  condition.  The  photo¬ 
signals  plotted  in  Fig.  la  are  obtained  at  a  chopper  frequency  of  f  ■  900  Hz 
and  correspond  to  the  fast  photosignal. 

With  microwave  radiation,  a  new  sharp  resonance  appears  around  B  ■  3  T 
at  v  «  14  GHz,  as  shown  in  the  lowest  curve  of  Fig.  la.  This  signal  Is 
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Fig.  2 : 

Amplitude  of  the  ESR  signal 
(normalized  relative  to  the 
background  signal)  as  a 
function  of  the  filling 
factor  v. 
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Fig.  3:  Magnetic  field  positions  of  the  ESR 
signal  at  different  microwave  frequencies  v 
for  filling  factors  close  to  3  (N  *  1)  and 
5  (W  ■  2).  The  tilt  angle  of  the  magnetic 
field  Is  «  %  50°.  The  straight  lines  are 
characterized  by  the  offset  vQ  and  the  slope 
9UR/h. 


attributed  to  spin  resonance  of  free  electrons  (ESR)  in  the  two-dimensional 
system.  In  principle  any  absorption  process  within  the  device  may  Influence 
the  resistivity  of  the  two-dimensional  electron  gas  (20EG),  but  the  following 
results  Indicate  that  the  observed  resonances  are  really  connected  with  elec¬ 
tronic  states  of  the  2DEG: 

a)  The  resonance  can  only  be  observed.  If  the  Fermi  energy  Is  located  between 
spin-split  levels.  The  amplitude  of  the  signal  has  a  maximum  at  fllllg  fac¬ 
tors  close  to  v  *  3  and  v  »  5.  (The  magnetic  field  for  v  *  t  is  outside 
the  experimental  range  and  at  v  ■  7,  9,  11,  etc.  the  spin-splitting  Is  not 
resolved.)  A  typical  result  Is  shown  in  Fig,  2  where  the  normalized  ampli¬ 
tude  of  the  ESR  signal  is  plotted  as  a  function  of  the  filling  factor. 

The  amplitude  relative  to  v  ■  3  Is  reduced  by  more  than  one  order  of 
magnitude  at  v  <  2.5  and  v  >  3.5. 
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b)  The  resonance  condition  Is  a  function  of  the  Landau  quantum- number  N,  as 
shown  In  Fig.  3.  For  N  -  1  (filling  factor  close  to  v  ■  3)  the  observed 
resonance  obeys  the  law  v  «  4.35  GHz  ♦  0.25  Pg8/h,  whereas  for  H  *  2  the 
relation  v  »  1.67  GHz  ♦  0.27  jigB/h  Is  obtained. 

These  experimental  data  demonstrate  that  the  observed  resonance  under 
microwave  radiation  Is  connected  with  the  electronic  properties  of  the  2 DEG 
and  can  be  explained  as  electric-dipole  induced  electron  spin  resonance^ . 


rig.  4:  Summary  of  the  ESR  fields  B  at  different  frequencies  v  for  two 
staples,  Landau  quantum  numbers  N  *  f  and  N  ■  2,  and  different 
surface  carrier  densities  due  to  different  cooling  processes. 

A  sumary  of  all  experimental  data  related  to  the  ESR  signal  Is  showi 
in  Fig.  4.  The  magnetic  field  positions  of  the  resonance  are  plotted  as  a 
function  of  the  microwave  frequency.  In  order  to  follow  the  resonance  struc¬ 
ture  over  a  wide  range  of  magnetic  field,  different  tilt  angles  4  between 
the  magnetic  field  direction  and  the  surface  normal  have  been  used  for  the 
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measurements  on  sample  1,  whereas  the  data  for  sample  2  are  obtained  at 
4  ■  0°.  The  dotted  lines  correspond  to  measurements  on  the  same  device  but 
higher  surface  carrier  density  Ns  obtained  after  another  cooling  process 
from  room  temperature  to  helium  temperature.  A  shift  of  the  resonance  energy 
to  higher  frequencies  is  also  observed.  If  the  carrier  density  of  the  2DEG  Is 
increased  by  Infrared  radiation^.  The  extrapolation  to  zero  magnetic  field 
gives  always  a  finite  excitation  energy. 

All  these  experimental  data  are  compatible  with  spin  resonance  of  free 
electrons  in  the  two-dimensional  system.  Especially  the  lifting  of  the  spin- 
degeneracy  at  B-  0  T  for  a  two-dimensional  system  without  Inversion  symmetry 
has  been  predicted  theoretical  1y^5*^,  but  a  quantitative  theory  Is  not 
available.  A  discussion  of  the  experimental  data  on  the  basis  of  electron 
spin  resonance  will  be  published  separately^. 

This  work  has  been  supported  by  the  Deutsche  Forschungsgemelnschaft 
(SFB  128). 
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Properties  of  n-i-|»-i  hoping  Super  Utt  ices  in  II I  *v  and 
1V-VI  Semi conduc tors 

G.H.  Ddhler  and  P.  Ruden 

Nax-Planck- Inst xtut  fur  I  cstkOrperforschung  , 

Me i senbergstrassc  I,  7000  Stuttgart  80 

We  discuss  the  unusual  electronic  properties  of  n-i-p-i  do¬ 
ping  super  lattices.  ie.  semiconductors  modulated  by  periodically 
alternating  n-  and  p-  doping.  The  work  on  these  systems  involving 
GaAs  as  a  host  material  is  briefly  reviewed.  New  features  which 
are  to  be  expected  from  doping  super  lattices  using  IV-VI  semi- 
conducters  as  host  materials  are  then  presented.  It  is  shown 
that  the  different  electronic  structure  of  these  materials  leads 
to  doping  superlattice  properties  which  are  qualitatively  differ¬ 
ent  from  those  observed  in  III-V  materials.  The  effect  of  a  magne¬ 
tic  field  on  the  electronic  states  is  also  discussed.  Finally  we 
propose  a  new  hetero-  n-i-p-i  superlattice  which  combines  the 
tunability  of  doping  super  lattices  with  the  absence  of  impurity 
scattering  of  modulation  doped  hetero  superlattices  and  allows 
for  the  observation  of  the  subband  structure  in  luminescence 
experiments  - 

1.  Introduction 

The  first  successful  experiments  on  n-i-p-i  doping  superlat- 
tices  have  initiated  a  steadily  growing  interest  in  this  new  type 
of  semiconductor  superlattice.  Those  experiments  of  a  few  years 
ago  were  able  to  confirm  the  theoretical  predictions  of  very  un¬ 
usual  electronic  properties  characteristic  of  n-i-p-i  supcrlatti- 
ces.  Then,  and  also  in  most  of  the  work  done  subsequently,  GaAs 
was  used  as  a  host  material. 

The  term  "n-i-p-i  superlattice"  was  introduced  by  one  of  us 
(G.H.D.)  in  his  first  theoretical  investigation  of  the  electronic 
properties  of  semiconductors  with  doping  superlattices  (1,2).  It 
originally  signified  a  periodic  sequence  of  n-  and  p-doped  layers, 


separated  by  intrinsic  ( i - )  layers.  The  term  is  now  used  for  the 
whole  class  of  doping  superlattices,  even  if  no  intrinsic  layers 
are  incorporated.  The  major  results  of  the  original  study  (1,2) 
and  of  a  few  subsequent  papers  (3-5)  can  be  sumarized  as  follows: 

1)  The  superposition  of  the  periodic  space  charge  potential  of 
the  impurities  to  the  crystal  potential  of  the  host  material 
reduces  the  effective  band  gap  E®**  by  *n  amount  which  de¬ 
pends  on  the  design  parameters  of  the  superstructure  (period 
length  and  doping  profiles). 

2)  This  effective  band  gap  is  an  "indirect  gap  in  real  space" 
since  electronic  states  near  the  bottom  of  the  conduction 
band  are  shifted  by  half  a  superlattice  period  with  respect 
to  hole  states  near  the  top  of  the  valence  band. 

3)  The  spatial  separation  between  electrons  and  holes  causes  a 
large  increase  in  the  recombination  lifetimes.  The  lifetimes 
depend  on  tne  design  parameters  on  an  exponential  scale- 
Large  deviations  of  the  two-dimnnsional  electron  concentra¬ 
tion  n^  in  the  n-layers  and  of  the  hole  concentration 

in  the  p-layers  from  the  thermal  equilibrium  values  are  me¬ 
tastable.  The  non-equilibrium  charge  carrier  distributions 
can  be  characterized  by  different  quasi-Fermi  levels  ^  and 
♦p,  respectively.  In  other  terms,  the  carrier  concentration 
in  a  given  n-i-p-i  crystal  is  tunable. 

4)  The  free  carriers  in  the  n-  and  p-layers  partially  compensate 
the  fixed  impurity  space  charge.  In  this  way  they  reduce  the 
amplitude  of  the  periodic  space  charge  potential  increase  the  effec¬ 
tive  band  gap.  Thus,  E®**  is  also  a  tunable  quantity  which 

can  be  varied  by  changing  the  non-equilibrium  carrier  concen¬ 
trations  and  • 

5)  Electrons  and  holes  in  the  respective  layers  form  a  dynamical - 
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ly  t  wo  -  tl  ime  n  5  i  oiu  1  many-body  quantum  system.  The  subband 
structure  is  also  tunable  by  variation  of  the  carrier  conceit  - 
t  rat  ion . 

o)  The  tunability  of  carrier  concentration  and  electronic  struc¬ 
ture,  which  is  a  unique  feature  of  this  class  of  semiconduc¬ 
tors,  results  in  exotic  properties  such  as  tunable  bipolar 
c unduct ivily ,  tunable  luminescence  and  ab  >rption  coefficient, 
and  tunable  elementary  excitations. 

Although  these  properties  seem  quite  appealing  from  the  point 
of  view  of  basic  physics  as  well  as  for  exciting  device  applica¬ 
tions,  their  experimental  investigation  became  possible  only  many 
years  later,  when  GaAs  n-i-p-i  crystals  were  grown  by  molecular 
beam  epitaxy  (Mali)  by  Ploog  and  coworkers  (to).  This  was  particular- 
ly  surprising  because  the  n-i-p-i  system  does  not  contain  any  interfaces  and, 
therefore,  represents  a  sutler  structure  than  the  compositional  suoerlatti- 
,es  (7)  whicn  had  already  been  studied  extensively  at  that  time. 

Mitnin  a  rather  short  period  the  experimental  studies  on 
n-i-p-i  crystals  have  confirmed  most  of  the  theoretical  predic¬ 
tions.  The  investigations  include  the  electrical  and/or  optica' 
tuning  of  two-dimensional  conductivity  (8,9),  luminescence  (10  I2>, 
opticii  gain  (13),  absorption  coefficient  (14),  2-0  subband  struc- 
».ri’  and  harge  and  spin-density  excitations  (10, IS, 16).  In  all  cases  tunabi- 
lity  over  a  wide  range  was  possible  and  was  found  to  be  in  quanti¬ 
tative  agreement  with  the  theory,  which  was  simultaneously  exten¬ 
ded  (17-19).  The  theoretical  and  experimental  work  on  GaAs  n-i-p-i 
structure  has  been  reviewed  several  times  during  the  last  year 
(20-24).  In  Ref .  24  and  Ref.  2S,  also  the  various  device  aspects 
which  derive  from  the  tunability  of  the  optical  and  electrical  pro¬ 
perties  have  been  discussed.  Therefore,  we  refer  to  one  of  those 
reviews  for  details  of  the  state  of  the  art  in  this  field. 
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Tne  objective  of  the  present  paper  is  a  preview  on  our  futu¬ 
re  theoretical  studies  which,  we  hope,  will  soon  be  followed 
(or  even  accompanied)  by  further  experiments.  So  far  most  experi¬ 
ments  on  n-i-p-i  crystals  and,  impljeitely,  most  of  the  theoreti¬ 
cal  studies,  have  been  restricted  to  GaAs  as  the  host  material.  A 
particularly  appealing  property  of  n-i-p-i  structures,  however,  is 
just  the  fact,  that  there  is  almost  no  restriction  with  respect 
to  the  choice  of  the  host  material.  The  only  condition  is  that  a 
preparation  technique  is  available  which  allows  for  sufficiently 
well  controlled  periodic  n-  and  p-doping  during  the  growth  process 
Although,  there  is  an  enormous  flexibility  for  designing 
n-i-p-l  structures  with  very  different  properties  made  from  the 
same  host  material  but  with  different  superlattice  period  and  do¬ 
ping  profiles,  tne  choice  of  different  host  materials  provides  a 
new  dimension  of  flexibility.  In  the  first  part  of  this  paper  we 
will  show  how  strongly  the  features  of  new  n-i-p-i  systems  may 
differ  from  their  GaAs  counterparts.  In  a  discussion  of  the  elec¬ 
tronic  structure  and  of  some  of  the  resulting  properties  of  n-i-p-i 
superlattices  in  IV-VJ  compound  crystals,  it  will  become  obvious 
that  such  systems  can  be  much  more  suitable  for  the  observation 
of  phenomena  which  involve  both,  electron  and  hole  subbands.  In 
addition  we  will  see  that  many  new  n-i-p-i  phenomena  originate 
from  the  many-valley  band  structure  of  this  host  material.  In  th? 
second  part  we  will  discuss  a  few  examples  of  extensions  of  the 
original  n-i-p-i  concept.  There  we  will  combine  alternating  n-and 
p-doping  with  a  periodic  modulation  of  composition.  Kith  respect 
to  their  electronic  properties  such  systems  feature  both  the  uni¬ 
que  tunability  of  the  Electronic  structure  of  n-i-p-i  crystals  and 
the  high  mobility  of  modulation-doped  compositional  super  la 1 1  ices 
(  «  ). 
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_1  V _-_V  1_  <: om pound  n-  i  -p- i  crystals 

The  electronic  properties  of  the  binary  and  ternary  IV-vi  com¬ 
pounds  of  the  element--  c»n  and  Pb,  and  S,  Se  and  Te  are  characteri¬ 
zed  by  a  na  row,  direct  band  gap  K°  at  the  L-point,  with  nearly 
equal  and  small  t ran- verse  conduction  and  valence  hand  masses  t 
.»rul  mv  The  anisotropy  ratio  K  between  longitudinal  and  trans¬ 
verse  masses  is  rather  large  in  most  cases  and  it  may  differ  con¬ 
siderably  between  conduction  and  valence  band  valleys.  The  values 
t  tne  statu*  dielectric  constant  are  extremely  high.  Finally,  im¬ 
purities  don't  form  bound  states  in  these  mater ia Is  (27,20)  .  jn  the 
following  we  will  restrict  ourselves  to  PbTe  as  a  typical  member 
«.»f  this  family.  PbTe  can  be  grown  with  well  controlled  deposition 
rate  in  the  (111)  direction  by  hot-wa  1 1 -cpi taxy  un  baF,  substrates  (29.10). 

cm"'  can  be  achie¬ 
ved  by  intentional  non- stoichiometry .  Each  Pb  vacancy  forms  a  doub¬ 
le  negatively  ch.ugeu  delect  whose  charge  is  neutralised  by 
two  holes  in  the  valence  band.  The  fe  vacancies  behave  correspon¬ 
dingly,  generating  a  double  positively  charged  defect  and  two  free 
electrons  in  the  conduction  band.  A  PbTe  n-i-p-i  crystal  can  then 
be  grown  by  periodic  n-  and  p-doping  just  as  in  the  case  of  GaAs. 

I  he  electronic  strut,  mrc,  lniwevcr,  bectaaes  quite  different  due  to 
tne  different  material  parameters  of  the  host  crystal.  We  consider, 
for  the  sake  of  simplicity,  a  n-i-p-i  structure  with  constant  and 
equal  (net)  n  and  p-doping  and  in  the  respective  layers. 

The  layers  are  assumed  to  be  of  equal  thickness  dn"dp“d/2  with  no 
intrinsic  layers  between  them.  The  fixed  charge  density  2  lejn^ 
and  -2  in  the  doping  layers  causes  a  periodic  parabolic  spa- 

1  e  charge  potential  of  amplitude 

**l>'  o'""’''  O) 

wmch  modulates  the  conduction  and  valence  band  edges  in  real  spa- 
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Pig- >  Schematic  real-spae-  energy  diagram 
of  a  IV-VI  compound  n-i-p-i  crystal  with 
d oping  superstructure  along  one  of  the 
( Hi )-directions.  A  symmetric  configuration 
Wlth  np“  nA  and  d  -  d  *  d /?  (i.e.  z^ro 
thickness  of  the  intrinsic  layers)  is  assu¬ 
me  -  The  electronic  subband  energies  are 
nearly  syiaetric  for  corresponding  conduc¬ 
tion  and  valence  band  valleys.  The  band 
edges  are  indicated  by  full  lines  Tor  the 
b-  and  by  dashed  lines  for  the  a-vallevs 
The  value  of  the  effective  band  gap  E  *rf 
is  tunable  within  wide  limits  by  carrier 
injection  or  photoeaeitation,  as  in  CaAs 
crystals 


ce  as  indicated  in  Fig.  1.  From  Eq.  (1)  it  follows  that  the  super¬ 
lattice  period  and/or  the  doping  concentration  in  PbTe  n-i-p-i's 
have  to  be  considerably  larger  than  in  their  1 1 1 -V  counterparts 
in  order  to  obtain  values  of  Vo  which  are  comparable  with  the  band 
gap  E°  of  the  host  material.  The  reason  for  that  is  the  static  di¬ 
electric  constant  *0  ’1500  (at  T  •  0  K),  which  is  by  more  than  two 
orders  of  magnitude  larger  than  that  of  GaAs.  Thus,  the  situation 
shown  in  Fig.  1  with  a  modulation  of  the  band  edges  such  that  the 
effective  band  gap  in  the  ground  state 


E*ff’°  .  E°  -  ZV 

g  go 


(2) 

A- 


nearly  vanishes  can  be  realized  with  dn«dp  .  200  nm  if  2n0"2n 
10**  cm-3.  We  have  used  E°  -  190  meV  for  the  PbTe  band  gap  at 
T  ■  0  K.  For  the  lowest  electron  and  hole  subhands  whose  wave  func¬ 
tions  are  confined  to  a  single  parabola  and  whose  energies  are 
small  enough  for  the  non-parabol ic ity  of  i(fc)  in  moment- 
turn  space  to  be  negligible,  we  obtain  the  harmonic  oscillator  ener¬ 
gies  as  subband  edges  (  20-24) 
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We  see,  that  the  r.ubbanJ  spacing;  arc  less  affected  than  the  spate 
cn.irgc  potential  by  the  huge  dielectric  constant,  since  kq  enters 
with  1/2-powcr  in  hqs.  (4).  Kqs.  (J)  and  (4)  reflect  the  multi  valley 
bund structure  of  the  host  material  and  the  anisotropy  of  the  valleys. 
By  convention  the  a-valleys  arc  those,  whose  energy  ellipsoids  are 
oriented  along  the  direction  which  coincides  with  the  z-dircction 
(valley  degeneracy  factor  g^»  !)  whereas  the  b*vallcys  correspond 
to  the  band  extrema  at  the  three  other  L-points  (  degeneracy 

factor  g^-  S;  see  inset  in  Fig.  2).  The  values  for  the  relevant 
effective  masses  and  m*^  can  be  derived  from  the  corresponding 

transverse  and  longitudinal  masses  by  the  expressions  given  by  Stern 
and  Howard  (  3 1  )  for  conduction  subbands  in  Ge  space-charge  layers 
with  (111  )  surface  orientation.  The  same  applies  to  the  masses 
*c*y'  mv*l'  *n<*  "v^y  -Dtion  tlw'x-y  plane  (i.e.  parallel  to  the 
layers)  and  the  resulting  two-dimensional  densities  of  states  per 


subband 

n‘c’-  .‘jh-iii  /  c>2» 


Fig.  2  Density  of  lUtM  diagram  for  the 
conduction  aubbaoda  in  a  FbT#  n-i-p-i 
crystal  grown  in  ( 1 1 1  )-dir«ctioo  with 
donor  concentration  n^"  5x10*'  em’3. 

Da* bad  lina:  (a)-vallfy  aubbaoda.  full 
lino:  (b)-waUoys.  The  inaat  abov*  the 
oriamtasion  of  thi  b-point  volley*  in 


In  lig.2  the  density  of  states  diagramm  for  the  conduction  subbands 
is  shown  for  -  10*^  cm 

He  note  that  the  calculated  electronic  structure 
in  the  present  system  represents  much  less  an  idealization  than  m 
the  case  of  a  typical  1  1 1  - V  compound  n-i-p-i  structure.  Due  to  the 
absence  of  bound  impurity  states  and  due  to  the  very  efficient  scree¬ 
ning  of  the  impurity  potentials  which  results  from  the  high  value  of 
the  static  dielectric  constant,  impurity  bands,  subband  broadening 
effects  and  random  potential  fluctuations  will  be  extremely  small  m 
comparison  to  the  subband  spacings.  Therefore,  the  presence  of  im¬ 
purities  does  not  significantly  restrict  the  observation  of  effects 
related  to  two-dimensional  subbands,  it*  contrast  to  the  case  of  the 
hole  subbands  in  GaAs  n-i-p-i  crystals. 

Another  remarkable  consequence  of  the  huge  static  dielectric 
constant  is  the  weak  interaction  between  the  carries  at  energies 
sufficiently  below  the  optical  phonon  energies. Ihr tree ,  exchange, 
and  correlation  contributions  to  the  subband  energies  are  negligible 
in  many  cases  where  they  are  of  crucial  importance  in  III-V  n-i-p-i 
superlattices . 

In  order  to  illustrate  this  observation  we  coapare  the  ratios  of 
the  compensating  space  charge  density  -  |e|n(z)  at  the  center  of 
an  n-type  layer  to  the  fixed  impurity  space  charge  density.  For  the 
two  systems  we  assume  a  two-dimensional  carrier  concentration  such 
that  the  first  excited  subband  just  begins  to  be  populated  and  we 
neglect  all  self-consistent  corrections  to  the  space  charge  potential 
due  to  the  mobile  carriers.  A  simple  calculation  yields  the  result 

•»(«,/. t)  (*{£hr/o)  (Eu/ttoc)  (6) 

where  a  is  the  decay  length  of  the  harmonic  oscillator  wave 
function  and  L,(  tlie  binding  energy  of  the  hydrogen  like  effective 
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These  results  demonstrate  mat  a  non- se  1  f -cons i stent  calculation 
(without  the  Ha r tree  corrections)  will  provide  a  completely  incor¬ 
rect  result  for  the  case  of  CaAs.  whereas  the  sel fconsistency  cor¬ 
rections  are  negligibly  small  in  PbTe  for  the  present  example.  From 
the  density  of  states  diagram  in  Fig.  2  we  see,  that  n(i-O)  /  nQ 
is  still  significantly  <1  at  the  carrier  concentration  where  the 
population  of  the  first  excited  subband  of  the  b-valleys  starts 
and  where  the  two-dinensional  carrier  concentration  is  already 
•  10,2c«’2. 

Fro*  tne  latter  result  we  deduce  that  *any  properties  of  PbTe  n-i- 
p-i  crystals  can  be  calculated  analytically  by  using  the  harmonic 
oscillator  wave  flections  as  the  solutions  of  the  z-  dependent  part  of 
tne  Scnrbdinger  equation.  In  the  following  we  will  discuss  the 
transitions  between  conduction  and  valence  subbands  and  the  Magne¬ 
tic  field  effects  as  two  instructive  exanples.  These  two  exa*ples 
nay  also  serve  as  a  deaonstration  of  the  qualitatively  new  proper¬ 
ties  of  this  group  of  n-i-p-i  crystals. 

2 . 1 ■ Conduct  ion  to  valence  band  transitions 

blect ron-nole  recombination  lifcti*es  arc  generally  very 
large  in  PbTe  n-i-p-i  crystals,  just  as  in  CaAs  doping  super¬ 
lattices.  Their  actual  values  depend  on  the  design  paraneters 
of  the  structure  and  on  the  degree  of  excitation 

Recently,  we  have  derived  an  approxiaate,  analytical  ex¬ 
pression  for  the  life-tiae  enhanceaent  resulting  f roa  the 
spatial  separation  of  electrons  and  holes  (22)-  fins  expression  nas 
been  applied  successfully  to  CaAs  n-i-p-i's  f  ^0  )  It  is, 


however,  interesting  to  note,  that  this  expression  represents 
a  better  theoretical  description  of  the  situation  in  PbTe  n-i- 
p-i's  and  that  it  inplies  interesting  consequences. 

The  transition  probability  for  interband  recombination 
between  carriers  in  the  lowest  subbands,  as  obtained  from  a 
calculation  of  the  overlap  between  the  spatially  shifted  har¬ 
monic  oscillator  envelope  wave  functions  .reads  (  22  ) 


tmpi/tbulk  /  („(>) 


c«p  (SVo/(t>u(‘>.  hw(j,)l 


where  end  are  the  haraonic  oscillator  frequences, 

of  the  i-th  and  j-th  conduction  and  valence  band  valleys  ob¬ 
tained  froa  eqs .  4.  The  nuaerical  values  obtained  froa  eqs.  8 
are  very  different  for  transitions  between  (a)  or  (b)  valleys. 

(Note,  that  optical  (a) -to- (b) -transitions  are  forbidden  by  the 

18  -  \ 

{(-select  ion  rule).  For  10  c*  ,  and  2Vq-  40  neV 

(corresponding  to  dn*d  *90  nm  we  obtain 


(in,,„/ibulk)(a),  C3S  ,  1()15 


(lnipi/tt>ulk)(b)  ,  10s 


This  aeans  that  the  luninescence  intensity  increases  by  about 
10  orders  of  Magnitude  when  the  population  of  the  (b)  valleys 
begins  upon  increase  of  the  total  carrier  concentrations 

and  in  the  conduction  and  hole  subbands. 

This  is  true,  if  all  the  electrons  and  all  the  holes  are 
in  their  respective  theraal  equilibrium  described  by  the  quasi 


1 1  row  levels  en  and  ^  .  respectively.  This  situation  can  be  real  izcd, 
tor  instance,  in  the  case  of  elec t rc>  luminescence  with  electron 
and  holes  injected  via  selective  electrodes  (  II  ). 

It  the  crystal  is  excited  by  absorption  of  light  the 
distribution  of  carriers  in  the  (a)  and  (b)  valleys  depends 
on  the  polar  nation  of  the  absorbed  light,  on  the  relaxation 
processes,  and  on  the  lifetimes  for  (a)-lb)  intervalley 
scattering.  Moreover,  a  frequency  variation  of  the  exciting 
lignt  provides  an  interesting  tool  for  influencing  the  dis- 
t  r lout  ion  of  photoexcited  carriers  within  the  (a)  and  (b) 


For  photon  energies  hw<  E°  the  absorption  coefficient 
due  to  interband  transitions  between  (b)  valleys  is  much  lar¬ 
ger  than  between  (a)  valleys,  again  .because  of  the  much  lar¬ 
ger  overlap  between  the  relevant  subband  wave  functions. 

If,  finally,  we  consider  that  the  position  of  the  lu  - 
wine sconce  spectra  provides  information  about  the  effective 
energy  gap,  and  therefore  about  the  carrier  concentrations 
and  .w«  realise,  that  interesting  new  phenomena 

can  be  stiaiied  by  absorption,  photoconductivity,  and  photo-  or 

eiectronluauiescence  experiments  Me  are  not  aware  of  any  other  systems  where 
reduction  of  symmetry  yields  such  dramatic  differences  in  be¬ 
havior  between  (a)  and  (b)  valley  carriers. 


2.2.  Magnetic  field  induced  peculiarities 

rhe  effects  of  magnetic  fields,  both,  normal  and  per¬ 
pendicular  to  the  layers,  turn  out  to  be  quite  unique  in  PbTe 
n-i-p-i  crystals. 

A  magnetic  field  normal  to  the  layers  will  shift  the 
charge  carriers  from  the  (a)  valleys  to  the  (b)  valleys,  since 
the  Landau  level  splitting 


and  the  spin  splitting 


flcsp!n  '  Vz 


increase  faster  for  the  (a)  than  for  the  (b)  valleys.  Because 
of  tne  small  electric  subband  spacing  the  first  quantum  limit 
reached  with  increasing  Hz~field  will  correspond  to  a  popula¬ 
tion  of  the  lowest  Landau  level  in  servcral  (electric) 


siderably  higher  magnetic  fields  the  final  quantum  limit  (all 
carriers  populating  the  lowest  Landau  level  within  the  lowest 
subband  with  spin  down  orientation)will  be  reached  This  si¬ 
tuation  implies  interesting  consequences  for  the  magnetoab¬ 
sorption  in  the  PbTe  n-i-p-i's. 

A  magnetic  field  parallel  to  the  layers  has  two  important 
consequences.  At  relatively  moderate  magnetic  fields  Hf  the 
curvature  of  the  magnetic  potential 


py’u)  ■  (»«,/ c)2  »*■]''  z2/2.  n-c,v;  i-a.b  (13) 


exceeds  the  curvature  of  the  space  charge  potential.  The  value 
of  the  subband  spacing,  given  by 


a  »-(i)  *  »{  («*lnI/*0.(»Hfl/e),l  /*j£J  <’«> 


increases  strongly  and  becomes  dominated  by  the  magnetic  field. 
The  subbaml  wave  functions,  however,  are  essentially  pinned  at 
the  center  of  the  doping  layers,  due  to  the  large  amplitude 
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of  the  spate  charge  potential-  Their  position  shifts  only 
slightly  in  z-direction  with  increasing  momentum  of  the  free 
notion  pc  rul  ic  u  1  a  r  to  the  ii^-field.  The  overlap  between  elec¬ 
trons  and  holes  in  adjacent  n-  and  p-  layers,  however,  de¬ 
creases  dramatically  due  to  decreasing  localization  length 
of  the  harmonic  oscillator  wave  functions.  Therefore  a  strong 
tunability  of  the  recombination  lifetimes  by  the  II  field 
parallel  to  the  layers  results. 

We  have  discussed  only  a  few  remarkable  properties  which 
wc  predict  for  this  new  kind  of  doping  super  lattice* . 

We  hope,  however, that  we  nave  been  able  to  demonstrate  that 
tlioasing  a  new  host  material  does  not  merely  imply  the  applica¬ 
tion  of  the  estah 1 1 1  shed  concept  to  a  different  system.  Wc 
have  tried  to  show  that  interesting  new  physics  results  from 
tiie  investigations  of  those  structures. 

3.  Metero-  n-i-p-i-  superior t ices 

Che  observation  of  two-J imens iona 1  effects  other  than 
tiiose  related  to  disorder  and  localization  is  generally  in¬ 
fluenced  in  an  unfavorable  manner  by  the  indispensihle  presence 
of  impurities  in  doping  supcrlat t  ices .  Therefore,  we  have  pro¬ 
posed  a  few  years  ago  a  modified  version  of  the  ordinal  con¬ 
cept,  the  "hetero  nipi  structure  ’  which  combines  the  high 
mobility  of  modulation  doped  compositional  supcrlatt ices  with 
the  unique  tunability  of  modulation  of  band  gap  and  carrier 
concentration  in  the  n-i-p-i  superlatt ices (52) .Recently  this 
system  has  been  realized  and  tne  expected  behavior, 

was  observed  (33) • 

The  veision  of  a  netero-  n-i-p-i  structure  just  mentioned 
consists  essentially  of  a  normal  doping  superlatticc  with  thin 
intrinsic  layers  of  a  smaller  bandgap  material  interspersed 


in  the  middle  of  the  doped  layers.  This  particular  structure 
is  probably  the  most  suitable  one  for  electrical  experiments 
where  large  lifetimes  are  required  or  for  studies  of  the  lu¬ 
minescence  or  absorption  by  vertical  optical  transtitions 
within  the  layers  of  the  smaller  band  gap  material.  The  point 
of  particular  interest  in  the  latter  case  concerns  the  time 
dependence  of  the  carrier  concentration  in  the  layer s  Depen¬ 
ding  on  the  design  of  the  structure  ,  on  the  excitation  energy 
and  intensity  an  increasing  net  electron  and  hole  concentra¬ 
tion  will  pile  up  fast  or  slowly  in  the  low  band  gap  layers  due  to 
various  kinds  of  transitions  between  adjacent  layers. 

A  different  version  of  a  hetero  n-i-p-i,  is  shown  in 
lig.  3.  Electrons  and  holes  are  spatially  separated  from  hotli 
types  of  impurities,  just  as  in  the  former  structures.  There¬ 
fore  we  expect  again  only  small  impurity  induced  subband  broad- 
ing  effects  for  the  electron  and  hole  subbands.  The  modulation 
of  the  band  edges  in  the  present  version,  however,  differs 
strongly  from  the  former  one.  Electrons  and  holes  are  closer 


Fig. 3  Example  of  real  space  energy  diagram  of 
a  "hetero  n-i-p-i  crystal"  consisting  of  semi¬ 
conductors  s.c.1  and  s.c.II  with  superposition 
of  a  n-i-p-i  doping  structure,  (a):  Ground 
state.  Tike  teroth  electron  and  heavy-bole  sub- 
band  envelope  wave  functions  are  indicated 
schematically,  (b):  Excited  state  with  increa¬ 
sed  effective  band  gap  and  different  quasi 
Fermi  levels  a  and  a  Tor  electrons  and  holes , 
respectively.  n  p 
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t o if f  t  .ic  i  in  t i* a  1  ■•ji.ii.tr  and  ono i  gel  ic.»  l  ly  they  arc  no  longer 
separated  by  potential  barriers  involving  the  larger  band-gap 
nateri-tl.  Thus,  the  present  structure  behaves  much  more  tike  a 
conventional  n-i-p-i  crystal  with  respect  to  its  tunable  ab¬ 
sorption  anu  luminescence.  The  luminescence  spectrum,  how¬ 
ever,  should  he  much  narrower  as  the  subbands  are  no  longer 
i.roaueneu  ‘tue  to  raiwiom  tiuctuation  of  tne  u^junty  distribution.  Moreover, 
we  will  observe  transitions  into  note  snbbaixis,  in  contrast  to  tne  con¬ 
ventional  llt-v  compound  n-i-p-i  crystal  ,  where  the  holes  are  in  the 
acceptor  impurity  band.  Note  also,  that  the  vertical  recombi¬ 
nation  processes,  which  are  the  dominant  ones  at  excitation 
energies  in  the  range  <  hw  <  E^1  in  the  previously  dis¬ 

cussed  hetero  n-i-p-i,  are  completely  suppressed  in  the  pre¬ 
sent  one. 
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MAGNETO-OPT 1  CAL  STUDIES  OF  TWO -DI MENS IDNAJ 
ELECTRONS  IN  MQW  HETEROSTRUCTURES 


(a) 


<b.i  ) 
(f) 


J  .  M.  Wr  r  lock, 

R  1  Agharwal • ' '  '* *  M.  Smith,' 

Th«  twj  topics  "iivered  In  tills  report  are  1)  determination 

•  >f  the  i  r«n  mention  (or  Landau  level  Raman  scat  tiring  and  a  new 
explanation  f<>r  this  "(orbtdden"  scattering;  and  »>  new  spectra 

i  1  phot.  1 'iminescence  by  M<JW  electrons  In  magnet  i<  fields,  showing 

*  eh-»v  1.  r  related  tr  electron  exchange  energy,  and  competition  for 
domlnan «'  In  the  valence  band  -etween  confinement  and  magnetic 

f leld  ef  fe. t  s . 

In  this  report,  we  dls.i**,  two  aspe>ts  of  our  studies  of  two-dimensional 
'*1'  electrons  In  mult (quantum  well  (MiJW)  heterostrurtures.  Wc-  have  performed 
magneto  -  Raman  and  photol ualnesrcni  e  experiments  on  MOW  samples  of 
•  aA*  AlGaAh  gt-iwn  h*  mol»  ulat  he  am  epitaxy  using  the  technique  ot  tsudulat  l  >n 
doping  t‘>  produce  .  Inn,  well  defined  ?!>  electron  lavers.* 

In  the  first  part,  wc  present  the  results  of  measurements  of  absolute 
cross  sections  for  Raman  scattering  by  both  inter suhhand  (IS)  and  cyclotron 
resonance  < C.' ft •  modes,  and  compare  these  with  a  new  theory  for  fnferban.: 
magnet..  opll<«]  transitions  which  we  believe  explains  the  forbidden  f'R 


«( at  taring 

In  the  second  part,  we  show  spec t rs  of  phet  '  1 umlnest ence  and  their 
variation  wlr>  magnet  j  field,  and  d  1  s.usa  this*  qua!  i  tat  lvei  y  In  terms  of 
many  body  effects  in  the  electron  «y*tr*.  snd  competition  between  quantum-wt 1 1 
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confinement  and  the  magnetic  field  In  determining  the  valence  hand  statee. 

Since  our  first  observation  of  Landau  level  (or  CR)  Raman  scattering,2 
we  have  searched  for  an  explanation  for  this  forbidden  scattering,  while 
continuing  to  make  experiments  designed  to  limit  the  theoretical  search.  In 
this  quest,  wr  have  aeaaured  the  absolute  cross  sections,  at  resonance,  for 
1  4 

both  IS  and  CR  nodes.  ’  These  were  obtained  by  comparison  with  the  known 
cross  section  for  optical  phonons  in  silicon."’  We  concentrated  on  a  high 
mobility  sample,  p  •  90,000  cn^ /volt  sec . ,  with  n#  »  5*10^  electrons/cm2. 
Working  at  2K  and  8  Tesla,  we  determined  the  following  cross  sections 
(cm2  per  electron):  IS  (F.q^  transition),  ‘w  l.5»10~2*;  and  CR,  1.0*10  2*. 

We  have  shown4  that  the  maximum  theoretical  croaa  section  (d'J/dl^max  for  an 
electron  in  CaAs,  assuming  all  envelope  function  overlap  matrix  elements  are 
-  1 9  2 

unity,  is  1.0*10  cm  ,  using  a  resonant  energy  denominator  of  10  meV,  which 
is  consistent  with  our  resonance  measurements.  The  cross  section  for  CR 
scattering  is  thus  about  one  percent  of  this  theoretical  maximum,  so  we  cannot 
tolerate  any  really  small  overlap  matrix  elements.  The  crucial  factor6  in 
the  matrix  element  la 

where  f  and  [  are  the  Landau  oscillator  wave  function*  in  conduction  and 

n  a 

valence  band;  f2  is  the  square  of  the  magnetic  length,  l2  •  t>c/eH;  and  q  is 

the  component  of  optical  wave  vector  perpendicular  to  H.  The  "forbiddenner.s" 

of  first  order  CR  scattering  comes  from  the  fact  that  1 im  1  *  6  ,  i.e., 

qi-0  *“ 

interband  optical  transitions  preserve  Landau  level  index,  in  the  limit  of 
small  q.  In  our  experiments,  for  the  scattered  beam,  qf  is  very  small,  hut 
for  the  incident  laser  beam,  at  8T,  qi  2  0.091,  which  gives  |10-1I2  *0.0« 
and  1 1 1  2|2  2  0.008,  when  the  overlap  integral  ^  is  evaluated6  for  finite 
Theae  are  a  bit  small,  but  the  right  order  of  magnitude  to  explain  our 
maaaured  croaa  aactiona.  We  note  that  1  becomes  target  .t  lower  fielda,  which 
helpa  to  explain  why  our  croaa  aectlooe  are  larger  at  small  fielda.  In  spite 
of  the  fact  that  many  electrons  hide  in  the  lower  Landau  levels,  unavailable 

417 


•«y  »-  •* 


0 


/  ~ 


t'r  |iti<Kt  i>>n,  and  hence  dt-  n»,t  partnipate  la  CR  scattering. 

Now  wo  turn  our  attention  to  the  second  half  of  our  paper.  NQW  samples 
h.iv*  long  been  studied  by  luminescence,  and  the  literature  la  far  too  vast  t<< 
reviewed  here.  Our  runt  rl'-ut  i.>n  l;;  to  hub)  cm  l  these  samples  to  sizable 
magnet K  fteiiis  Out  motivation  was  to  study  electron  structure  at  extremely 
Mgh  fields  and  low  temperatures  in  the  hope  .f  contributing  to  the  under 
standing  of  the  quantum  Hall  effect  As  we  shall  see,  w«  are  still  some 
ij :  stance  ir'm  tin-,  goal,  *-..t  we  believe  we  can  show  already  some  interesting 

phenomena 

figure  la  ‘Nows  spectra  >1  one  MQW  sample,  with  a  rather  high  electron 
k  it- cM  rat  t  >n  n  6*K’^  elntront/d^  in  each  quantum  well  of  thlclatess 
A.  The  incident  1 1  l.minat  »<  n  la  30  milliwatts  of  M*SA  laser  light 
I’-  watts/rsT),  linearly  polarized,  and  the  crystal  is  held  at  2K.  This  is 
t be  same  MQW  sample  analyzed  by  rim/uk,  »-t  a!.,  at  this  conference. 

The  zero  field  spectrum  displays  roughly  .he  stiapt  we  would  expect  from 
t.<  built-  in  eli*  tron-  rec.mf  in  ing  with  photo -exc  it  e«1  holes:  •  low  •*«»•  rgy 
■u  ■  •<  t  semewhi  rc  "‘.ear  t  N«  handgAp  b  and  an  upcntnt  Ij!  thermal  tall  beyond 
t  *u  energy  f(.  *  tf.  Analysis  of  the  high  energy  tall  gives  ui  an  electron 
temperature  of  3Sg . 

In  the  presence  of  a  magnet  1>  field,  the  eI»->.tron  continuum  breaks  Into 
Landau  levels,  and  we  see  peaks  in  our  rec..mbinst  Ion  spectrum  (s  test  book 
example )  *  or  respond  lng  to  transit  1-ms  Item  electron  landau  levels  n  -  0,  1, 

1,  ...  tu  some  valen- e  band  states,  occupied  according  to  Boltzmann 

statistics,  by  the  phot  i- Ln)*'  ted  holes.  We  note  also  that  the  luminescent 
efficiency  Increases,  and  that  the  broadening  is  reduced  ae  field  la 
increased.  The  zero  field  HWHN  value  of  )  meV  reduce#  to  0.7  meV  -  0.8  meV  at 
the  extreme  field  of  15T  ehown  in  Figure  lb.  At  1M,  for  tbia  sample  only  one 
Landau  level  is  occupied,  though  both  spin  components  are  present.  The 
spectra  are  now  circularly  polarised  and  the  single  ((3*0)  transition  has 
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Figure  2  shows  how  (.he  first  few  spectral  peaks  develop  with  H  Roughly, 
but  vi-ry  roughly,  they  Increase  in  energy  as  (n  ♦  ^)^*UIC  where  (uif/H  3  1 .  7meV/ 
Tesla)  is  the  cyclotron  frequency  for  an  electron  In  GaA«,  and  n  Is  the 
Landau  level  index.  If  the  valence  band  were  uncomplicated,  and  If  the 
electrons'  energies  were  not  affected  by  exchange,  we  would  expect  the 

7 

recombination  peaks  to  have  u  rowo  zero  field  origin  at  E  *  t. 

r  •  G  confinement 

and  then  to  Increase  as  fn  *  j)  (hu^  with  the  hole  cyclotron  frequency. 

Tlie  only  measurement  .  f  cyclotron  resonance  In  two-dlmensionally  confined 
lioles^  gives  a  hole  mass  on  the  order  of  0.4  m^,  implying  u.  '  1/6  .  The 

expected  slopes  of  the  transitions  shown  would  be,  in  units  o!  t»u>^  ;  0.S8, 
1.74,  2.90,  and  4.06.  In  contrast,  the  measured  slopes  are  1.07,  2.10,  3.?7, 
and  4.20.  Beyond  a  few  Tesla  the  slopes  do  decrease  to  more  respectable 
values,  and  eventually  the  eingle  lines  split  Into  two  polarized  components. 

The  following  factors  will  be  important  in  analyzing  our  spectra. 

))  Electron  exchange  energy  must  change  with  field.  Indeed  oscillations  in 

exchange  energy  on  the  order  .-f  several  meV  ore  expected  as  the  Fermi  level 
q 

passes  through  1-andau  levels.  2)  The  valence  bend  Is,  in  feet,  four-fold 

degenerate .  and  two  effects  are  fighting  for  dominance  in  breaking  thl9 

degeneracy;  a)  confinement  In  the  quantum  wells,  which  gives  hole  level 

spar  logs  on  the  order  of  a  few  meV;  and  b)  the  magnetic  field,  which  alone 

gives  the  complicated  but  well  honored  energies  derived  by  Luttlnger.10  We 

be 1 'eve  that  at  high  magnetic  fields,  the  holes  will  finally  simplify  and 

follow  Luttingei.  An  indication  that  this  happens  Is  tluit  the  luminescence 

becomes  split  and  circularly  polarised.  When  the  hole  states  are  finally 

understood ,  it  will  be  possible  to  use  the  recombination  energy  to  study 

simply  the  electronic  behavior  in  high  magnetic  fields. 

Acknowledgments:  We  thank  P.  A.  Wolff,  A.  Plncxuh,  and  J.  Shah  for 
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Figure  1;  Photolumlnescent  spectra  of  2D  electrons  in  bet e restructure . 

a)  73ie  electron  continuum  (H«0)  breaks  b)  At  the  highest  fields  (15T)  lu- 
into  Landau  levels  (B-2T)  with  increase  minescence  has  two  Darrow  circu- 
in  luminescent  efficiency.  lerly  polar! ted  components. 
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•Je  have  intrinri'*  oftical  emission  and  excitation  processes 

as;„  'iated  with  *.”  riasicas  in  aodulat  ion-doped  GaAs  -  (AlGa)As 
riant  jm-wel interest  rue  tare*.  The  emission  spectra  indicate  con- 
sMerahle  "nergy  sap  renoncal  lzat ions ,  assigned  to  many-body  inter- 
ac'i  r.s,  v.-i  large  treakdown  <.,T  the  parity  selection  rule  for  the 
;  ti~ai  matrix  element  In  quartura-veJ  Is.  In  spite  r>t  the  high 
eiecfrci.  tensity.  In  excitation  spectra  we  find  evidence  of  finai- 
ta’c  **>.'♦  ion-heie  interact  I '.’nr.. 

ir  t .  ’OBWjnicot  i  r.  we  report  nr.  investigation  of  optical  prore*3er.  across 

’  *.«-  -:.**rr;-  f»F?  t-f  iscdu’.  at  ion-d>.  ped  (l'»  GaAs  -  (AtGa)Ar-  quantum-well  hetero- 
•  r  ict  ur*  ■  In  emission  and  in  luminescence  excitation  spectra  we  have 
:der*:fie.i  the  intrinsic  recombination  and  absorption  processes  associated 
vith  electron!:  confined  in  the  GaAs  quantum  wells.  Our  research  reveals 
-  markable  behavior  of  21)  plasmas  in  semiconductors  that  has  not  been 
reported  in  previous  studies  of  free  electrons  in  semiconductor  heterostruc- 
turep  (2,1)  and  doping  superlattices  (*•). 

find  *  r.at  emission  spectra  are  dominated  by  intrinsic  recombinat i .>t. 
rrrrer-s  .nv  .lvir,.*  vertical  transitions  between  electrons  in  the  conduction 
band  and  photoexc lted  noler  ir.  the  valence  band  states.  The  spectral  shapes 
car.  be  fitted  in  terms  of  2D  densities  of  states  and  the  equilibrium 
occupation  factors  for  electrons  and  holes.  The  energy  gaps  determined  by 
this  analysis  snow  relatively  larre  renonnal liat ions ,  ronparable  to  the 
Hartree  er.erglei  .  These  findings  indicate  that  many-body  phenomena  in  these 
5b  electron  system:-  may  be  more  important  than  those  calculated  at  higher 
densities  '5). 

"he* parted  behavior  is  observed  in  emission  and  excitation  spectra.  In  the 
lurinesccnce  excitation  spectra  we  observe  structure  that  suggest  final-state 
electron-hole  interactions  in  the  optical  absorption  processes.  This  occurs 
in  spite  of  the  fact  that  the  screening  lengths  of  plasmas  in  our  sample?  are 
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only  ^n%.  In  emission  spectra  we  find  evidence  of  a  large  breakdown  of  the 
parity  selection  rule  for  the  optical  matrix  element. 

The  measurement?  were  carried  Out  in  three  GaAs  -  (Al^Gn  x)As  multiple 
quantum-well  heterostructure:, ,  grown  by  molecular  beam  epitaxy  and  modulation 
doped  with  SI  donors  Ill.  The  p.arple  parameters  are  given  in  Fig.  1.  d^  is 
the  thickness  of  the  GaAs  veils,  that  of  the  doped  (At^Ca^  )As  larger  and 
d.j  that  of  the  undoped  (Al^Ga^  ^)As  spacer  Introduced  to  enhance  the  electron 
mobility  f6).  Characterization  of  the  2D  plasmas  in  these  samples  was 
carried  out  by  Hall  effect*  Shubnifcov-de  Haas  oscillations  (l)  and  inelastic 
light  scattering  (7)  measurements.  Substantial  occupation  of  the  two  lowest 
conduction  subbands  is  observed  In  samples  9-25-80(2)  and  9-25-60(31.  in 
sample  8-**-8i(3)  light  scattering  spectra  indicate  that  occupation  of  a 
second  subband  is  much  smaller  (below  0. 3*lOiicm"’2).  Uanlnescence  was 
excited  by  means  of  an  LD-700  dye  laser,  continuously  tunable  between  685QA 
and  8850A.  Incident  power  densities  were  about  5*10~^W/cir.2.  All  measure-* 
ments  were  carried  out  with  the  samples  Immersed  in  superfluid  he.  Figure  1 
shows  luminescence  spectra  from  the  thi  ee  samples.  The  major  structures 
occur  between  8IO0X  and  825oX.  Ttie  weaker  emission  observed  at  longer  wave¬ 
lengths  is  sssociated  with  impurities  and  will  not  be  considered  here.  Ie 

_  o  o 

the  assignment  of  the  emission  between  8100a  and  8250A  we  focus  on  the  fact 
that  spectra  from  samples  9-25-80(2)  and  9-25-60(3)  show  well  defined  doublet 
structures.  These  are  the  samples  in  which  there  is  substantial  occupation 
of  two  conduction  subbands.  This  characteristic  behavior  indicates  that 
emission  originates  in  recombination  processes  that  are  associated  with  the 
electron  plasmas  confined  In  the  OaAs  quantum-veils.  This  assignment  also 
explains  the  separations  between  the  two  components  of  the  doublets.  They 
are  M3  meV  apart,  an  energy  that  is  close  to  the  spacing  between  the  lowest 
subbands  determined  from  Shubnikov-de  Haas  &nd  light  scattering  measurement? . 

Optical  absorption  processes  were  studied  by  means  of  luminescence  excitation 
spectra.  In  addition  to  a  atep-like  onset  of  absorption,  these  spectra  show 
structure  in  the  form  of  maxima  and  minima  with  a  relative  amplitude  that  can 
be  as  large  ae  'vl5l>  These  observations  point  to  final-state  interactions  in 
the  absorption  processes.  However,  the  effects  are  here  much  smaller  than 
the  excitooa  observed  in  undoped  quantis-veils  (3*6).  They  are  alao  found  to 
broaden  with  increasing  tttperature,  and  are  not  observable  for  temperatures 
above  V>0oK. 
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We  observe  characteristic  separations  between  emission  and  excitation  spectra. 
Figure  2  compare:  the  spectra  measured  in  sample  9-2‘;-k0( 3) •  The  energy 
difference  betweeh  tne  maximum  in  the  emission  spectrum  and  the  onset  of 
absorption,  indicated  *.=  the  excitation  spectrum,  has  been  represented 

as 

F_i  i*b  /».  fl! 

r  eh 

f  ere  r\  is  the  Pemi  er.cryj  ->f  the  TP  plasma.  For  the  conduction  band 

effective  mass  we  have  used  m  *  C.0C8m  (9).  Quantitative  agreement  with 

e  o 

**.»  separation  st.ovn  ir.  Fig.  P  ia  obtained  with  This  value  is 

..  ,?e  t  )  t>it  n -ie  aa.  :  letemir.ed  ir.  p-tyye,  modulation-doped,  GaAs  -  (Alia) As 
tet -ro.t’ur-t  i  'ns  '  . 't '  - 

A.*,  these  rvhavUr:-  are  characteristic  of  absorption  and  emission  processes 
vrorr  the  forbidden  energy  gap.  Thus,  we  have  fitted  the  emission  spectra 
*  .  t i  the  liner hape  fur  -*  1  < .r. 

i.-’i 

where  u>  t«i  the  emitted  photon  energy  and  F  represents  the  transition  energies. 

f  £  is  the  Ferr.j  function  for  the  electrons,  f.  (K '  1.-  the  fcoJtzman  factor 
e  h 

for  the  photoexcited  holes.  Electrons  and  holer  arc  acflunel  to  be  at  the 
same  temperature  T.  (.  k,  is  the  2D  density  -.T  stares.  fc>  have  assumed 
parabolic  tnndi.  and  taken  ciE  as  a  stej  function  ot  the  energy  gsi  £n.  T*.l» 
i  ar  aj  proxlmat  li.n  since  th*.  valence  bands  are  kinwn  to  be  highly  non¬ 
par  al  ili-.  Homogeneous  broadening  1..  considered  in  by  means  of  a 

iar.ping  parameter  I  in  higher  motility  samples  f  ^  '  1  meV ) .  Inhuerigetieous 
broadening  is  include!  in  p'Fi.  A  ic  a  constant  factor,  adjustable  in  the 
numerical  analysis. 

We  find  that  F.q.  '?)  give-  excellent  fits  to  the  measured  emission  spectra. 
Figure  P  chow#  the  results  obtained  lo  sample  9-25-00(3).  Two  terms  are 
required,  one  for  each  of  the  occupied  conduction  subbands.  They  are  the 
dashed  curves  In  Figure  2.  The  full  line  it  the  total  fit.  The  adjusted 
value  of  the  energy  gap  and  the  separation  between  the  two  term#  are  indica¬ 
ted  in  the  figure.  An  inhomogeneous  broadening  of  ■  1.5  meV  la  used  in 
order  to  fit  the  low  energy  tail  of  the  apcctra.  We  find  that  the  carrier 
t-mperature  also  needs  to  be  considered  as  an  adjustable  parameter.  This  la 
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not  aurprlalng%  alnre  illumination  at  very  low  power  levels  can  induce  ;igni- 
f leant  heating  of  carriers  in  semiconductors  (11).  The  adjusted  value  of  1 

depends  on  m  and  bl.  For  m  »  0.06Q  m  and  m .  ■  0. k?  m  we  obtain  T  •  fc°K. 

e  n  e  oh  o 

It  is  remarkable  that  the  adjusted  value  of  E^  *  1.5095  eV  is  lower  than  tne 

energy  gap  of  intrinsic  bulk  GaAs  (E^  ■  1.5 18  eV)  (IP).  We  have  estimated  E„ 
within  the  Hartrec  approximation  using  the  conduction  energy  levels  calculated 
by  Fishman  (13)  and  valence  band  energy  levels  obtained  In  a  parabolic-well 
approximation.  We  found  EQ  *  l.$2fl  eV,  a  value  that  indicates  a  renonvili ra¬ 
tion  of  the  energy  gap,  assigned  to  many-body  interactions,  of  ‘'■20  meV.  This 
renormalization  is  comparable  to  the  Hartree  energy  (a.30  meV).  Tt  indicates 
that  in  our  density  range  (n''-5*101*em"’^ )  many-body  effects  are  significant  for 
the  PL?  plasmas  confined  in  CaAa  quantum  wells.  At  higher  demit J nb  the 
hartree  energies  are  expected  to  become  more  important  {5). 

The  emission  band  shown  in  Fig.  ?  at  an  energy  ■  13  meV  above  the  aajcr 
band  is  assigned  to  recombination  transitions  from  first  excited  conduction 
subhand  to  ground  valence  subband  states.  The  assignment  is  fca6ed  on  the 
fact  that  E^  Is  very  close  to  the  conduction  subband  spacing*  ietermined  by 
light  scattering  and  Ghubnikov-de  Haas  oscillations  (E^'li .  W  3  meVl.  Thii* 
emission  violates  the  parity  selection  rule  for  the  optical  matrix  element  In 
quantum-wells  (lM.  Breakdown  of  the  parity  selection  rule  has  been 
previously  observed  in  luminescence  from  photoexcited  plasmas  (3)  and  in  light 
scattering  spectra  <7).  Our  results  show  that  the  effect  la  unexpectedly 
large.  The  ratio  between  parity  forbidden  and  parity  allowed  matrix  elements 
determined  from  the  data  In  Fig.  2  is  0.5. 

In  summary,  the  investigation  of  optical  processes  reveals  fundamental 
behavior  of  2D  plasmas  confined  In  GaAs  quantum-wells.  We  have  observed 
phenomena  like  energy  gap  renormal ixatl on ,  final  state  interactions  and 
large  breakdown  in  the  parity  selection  rule  for  the  optical  matrix  in 
quantum-wells.  We  anticipate  that  these  results  will  atlixulate  interest  in 
optical  studies  of  ?D  plasma  behavior  in  semiconductor  beterost ructurex. 
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dashed  and  full  lines 
era  fits  with  Eq.  (2). 
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CYCLOTRON  RESONANCE  OF  TWO-DIMENSIONAL  ELECTRONS 
IN  AlgC*,  kA»/U»As  HETEROJUNCTION 

K,  Nuro,  S.  Mori  and  S.  Merita 

Department  ot  Material  Physics,  Faculty  of  Engineering  Science 
Osaka  University,  Toyonaka,  Osaka  560,  Japan 

S.  Hiyamixu  and  K.  Nanbu 

Fuiits.i  Utorator  les  Ltd.,  Ono,  Atsugi,  Kanagawa  243-01,  Japan 

Peculiar  behaviours  of  two -dimensional  electron  gas  in  the  eye  lotion 
trsonantr  have  been  studied  using  a  high  mobility  ITT  of  A1  Csj.^As 
Ca  As  he  tern  junc  i  ion,  The  resul  tsare  fairly  well  explained  by  the 
calculated  results  based  on  the  theoretical  model  assuming  the  long 
range  scatterets  scheme  by  Ando.  However,  we  find  remaining 
discrepancies  between  the  experimental  and  the  calculated  results  which 
have  possibility  to  be  ascribed  to  soew  electron-electron  correlation 
effects  in  the  system. 

1.  introduction 

cyclotron  resonance  (CK1  experiments  (1)  so  far  performed  on  Si-MOS 
inversion  layer  have  revealed  some  specific  properties  of  two-dimensional  (2D) 
electron  system,  especially  in  the  quant ua  limit.  These  results  have  been 
f  i  sc  us  wed  in  a  variety  of  theoretical  model:-;  trapped  electron  model,  pinned 
hatge  density  wave  nodi*  1  and  so  on.  However,  the  correspondence  between  the 
•xpet  mental  results  and  the  theoretical  ones  have  been  not  necessar i 1 y  made 
i  It  at.  On  the  other  hand.  we  have  extended  the  <f  study  to  a  new  2D 
rvstee.  A I  J|(wij  .jAs/CaAs  het  ero  jum  t  ion  KET  |2,3|.  Though  the  characteristics 
>(  CP  m  the  quant  urn  liejr  resemble  those  in  Si -NOS  inversion  layer  in  such 
aspects  as  the  high  energy  shift  of  resonance  peaks,  and  their  temperature- 
dependence  (3|,  there  are  some  differences  between  the  two  System. 

In  the  present  work,  detailed  CF  spectra  of  the  2D  hetero junct ion 
electrons  are  measured  over  wide  ranges  of  electron  density,  magnetic  field 
and  teaperature,  and  the  reeults  are  discussed  in  comparison  with  the 
csleultat ion,  according  to  the  model  presented  by  Ando  (4|. 


The  samples  and  the  experimental  setup  used  were  almost  the  is  those 

described  in  previous  repot ts  (2,3|.  However,  in  the  first  study  [2)  the  too 
high-frequency  gate  voltage  modulation  (MUfz)  brought  some  erroneous  results, 
and  in  the  second  study  [f|  under  static  gate  voltages,  unfavourable  base¬ 
line  shift  and  additional  structure  appeared  in  the  spectra.  Therefore,  in 
the  present  experiment,  the  gate  voltage  modulation  technique  with  slow 
repetition  rate  (M 30Hz)  was  adopted  and  the  transmission  signals  after  a 
sufficient  delay  time  (3'.  4  msec.)  were  picked  up,  in  order  to  obtain  good 
fidelity  and  improved  S/N  ratio. 

2.  Results  and  Discussion 

Typical  CF  spectra  for  I  18.8  and  i  ?0.6  u«  laser  lines  observed  at  4.21 
are  shown  in  Fig.l  for  various  electron  densities.  ns,  or  filling  factors. 
v(-ns/2»t2),  where  t  -( rfi/eH ) 1 ,  (the  cyclotron  radius).  The  peak 
frequency  shifts.  <uc  w  b.  f  i  om  the  bulk  CF  frequency,  uib,  (which  corresponds 
to  the  bulk  mass;  ab»0.0f>7^«()),  and  the  linewidths  are  shown  against  the 
filling  factor,  u  ,  in  Fig.2. 

On  the  other  hand,  Landau  level  width,  fn  ,  and  CF  width,  T*  ,  calcu¬ 
lated  theoretically  by  Ando  and  Demurs  (51,  and  Prasad  and  Fujita  [6], 
assuming  a  scattering  potential  with  a  gaussian  form;  V(r)-V/»d2exp(-r2/d2), 
are  shown  in  Fig. 3  as  a  f unct  ton  of  parameter  .  Here,  oi  («d/l  )  is  the 
normalized  range  of  scattering  potential  by  the  cyclotron  radius  *  .  The 
theory  about  the  CR  1  ineshape  presented  by  Ando  (4|  shows  that  CR  under  the 
long-ranged  scattering  potential  (o  >  1 )  can  be  described  as  an  inhomogeneous l y 
broadened  system,  and  gives  the  CF  linewidths  with  a  similar  3  -dependence  to 
those  by  Prasad  and  Fujita,  though  the  formrr  does  not  show  the  exploit  form. 
In  a  -ng-ranged  scatterer  schemas  (<>>l),  the  CF  Unewidth  f*  depends  on  the 
Landau  quantum  number,  n,  that  la;  on  the  filling  factor  v.  and  decreases 
with  increasing  magnetic  field. 

By  comparing  the  resonance  field-  and  filling  factor-  dependences  of  the 
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''R  linewidth  i shown  in  Fig..-)  with  i  he  theorrt  k*1  ones,  we  derived  the  range 
ot  attrrirtii  potential  to  be  IV)'  AH)/.  These  tong-ranged  scarrering 
potential  ran  be  reasonably  ascribed  to  the  ionized  donors  in  Si -doped  ALCaAs 
;  irer  b*  vond  the  undoped  At<’*aAs  inter  layer  with  a  thickness  of  60X,  if  we 
take  nil.'  an  i'unt  fhr  vavrfnnct  ion  thickness  of  t  he  2D  e  1  ec  t  r  on,  MOOH,  and 
»he  average  distance  ot  donors  in  the  doped  AlGaAs  layet,  M06&. 

The  C  R  1  incsfiape  is  nuaerical  !v  calculated  accord  log  to  the  equation 
\  .  I  -  1  in  ret.(  4  )  for  the  dynamic  a  1  conductivity  o  „,(«*»).  The  l  ineshepes  of 
par  t i a  1  1  y  o<  >  upied  1 owest  Landau  level  for  a  »2  calculated  are  shown  in 
Kig.Ala),  assuming  that  d  ^ 200A  and  1=100/  which  corresponds  to  the  apectra 
at  11H.8  u«  in  Fig.l.  Although  observed  apectra  are  obtained  against 
magnet  it  field,  we  can  interpret  the  magnetic  field  ails  as  a  frequency  axis, 
but  reversing  the  direction,  because  the  CF  linewidth  is  sufficiently  narrow 
in  the  present  experiments. 

The  calculated  spectra  have  a  bell -shape  due  to  the  elliptic  density  of 
states  in  self-consistent  Born  approximation  (5],  which  is  in  contrast  with 
the  nearly  Lorenzian  lineshape  of  the  observed  spectra.  However,  the  waning 
of  the  apectra  from  high  field  (low  frequency)  side  and  the  subsequent  peak 
shift  with  decreasing  filling  factor  in  the  experiment  are  deduced  in  the 
theoretical  frame  work  by  Ando  (4), 

As  seen  in  Fig.!  and  Fig. 2,  the  waning  of  the  CR  spectra  (peak  shift  to 
higher  frequency)  occurs  even  In  the  region  ;  \>  >1,  and  this  tendency  becomes 
prominent  with  decreasing  magnetic  field.  This  effect  is  qualitatively  under¬ 
stood  by  taking  into  account  the  incomplete  spin  splitting  of  the  broadened 
Landau  levels.  Figure  4(b)  shows  the  calculated  spectra  for  u  <2,  where  the 
spin  splitting,  ft  is  equal  to  one  half  of  the  ground  Landau  level  width,  rQ. 
In  the  present  experimental  condition  (a  -l.5i  2),  the  ground  Landau  level 
width  r0  is  estimated  to  be  7 \  9  cm"1  and  scarcely  depends  on  the  magnetic 
field,  and  therefore  the  present  CR  lineshape  profiles  with  changing  the 


filling  fartor  is  consistent  with  the  enhanced  effective  g-value;  %5  <e.g. 
A  •) 4  cm  '  at  h  Tesla)  reported  as  an  experimental  result  (7], 

Figures  S(a)  and  (b)  show  the  observed  temperature  dependence  of  the  CR 
spectra  fur  118.$  pm  laaer -incidence  at  v  *0.64  and  the  corresponding  theo- 
trliial  lineshape  calculated  assuming  a  «2,  respectively.  The  spreading  out 
of  the  CK  spectra  to  higher  field  from  the  spectra  at  4.2K  with  increasing 
temperature  la  considered  to  be  caused  by  the  thermal  distribution  within  the 
inhomogeneous  broadened  Landau  level  in  the  above  theoretical  model. 
However,  the  experimental  peak  shift  seems  to  be  much  larger  than  the  theo¬ 
retically  expectation. 

In  the  above  deacriptions,  we  have  examined  the  characteristics  of  the 
observed  CR  apectra,  in  the  light  of  the  theoretical  model  by  Ando  (4]  under 
the  long  ranged  acatterers  scheme,  and  known  that  some  aspects  can  be 
understood  successful ly. 

However,  we  find  following  remaining  discrepancies  between  the  experimen¬ 
tal  and  theoretical  results;  1)  observed  CR  llneehapea  are  rather  Lorenzlan 
in  contrast  with  the  bell-shape  in  the  theory,  2)  a  part  of  the  spectra  at 
v  <1  protrudes  out  to  lower  field  from  the  full  spectra  at  v  *1,  being  incon¬ 
sistent  with  the  theory  (4)  and  this  tendency  becomes  prominent  in  high  magne¬ 
tic  fields  and  at  lower  temperatures,  3)  the  temperature  shift  of  the  CR 
spectral  peak  at  v  <1  la  much  larger  thaa  that  expected  from  the  thermal 
distribution  in  the  lowest  Landau  level. 

The  problem  1)  may  be  improved  to  employ  a  more  realistic  density  of 
states  than  the  elliptic  one  in  the  theory.  While,  2)  and  3)  seem  to  be 
difficult  to  be  understood  in  the  framework  of  one  electros  theory,  and  are 
possibly  ascribed  to  some  many  body  affects  (the  screening  (8)  or  the 
correlation  effects  (9,10]  la  the  20-el ectroo  system)  or  other  origins. 

Englert  et  si.  (11)  have  observed  the  oscillatloa  of  CR  linewidth  as  a 
function  of  filling  factor  v  and  ascribed  it  to  the  screening  effects  [8]. 
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In  'he  pics^nt  pip*n»fft!  ,  have  not  observed  such  an  oscillation,  as  seen 
in  F:g.2.  .m>1  the  f  1  n  re  pant  ie*;  and  >  annnt  be  explained  hv  int (Qdu<  ing 
the  Si  reening  effects  as  Jesttibed  t>y  Ohs  ^arma  \H{. 

Though  the  oh  set  v  ed  >1 1  sr  j  epan>  i  es  ’ '  and  f  ?  see*  to  have  the  >  bar  a>  t  e  r 
<svh  ut*fd  with  the  pinned  <  barge  density  wave  aodel  )  10),  the  whole  feature 
of  the  present  results  tanner  be,  as  described  previously  t  M.  explained  hv 
'  he  aorte  | .  in  order  to  solve  t  he  above  sent  i  .>nd  pt  ob  1  ees  of  2D  e  1  e«  t  t  on 
sv«tea,  further  detailed  CR  experiments  with  high  nubility  samples  m  high 
m.»gnet  u  1  ie  .  ds  ate  strongly  requested. 
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Fig. 2  f R  frequency  shift  and 
linewidth  versus  v. 


Fig. 3  Theoretical  Landau  level 
wjdth  r„|4}  and  CR  linewidth 
r*[6j  »*  *  function  of  a. 


Fig. 4  CR  lineshapes  for  different 
v,  calculated  with  the  theory  by 
Ando  14]  assuming  <is2  and  T»0K. 

»)  &  > 2r0  b)  a  * rc/2. 


AtiGa^As/OaAa  FCT 


Fig. 5  Temperature  dependence  of  (a)  CR  lineshapes 
for  v-0.64  observed  at  ug.g  um  and  (b)  theo¬ 
retical  ones  calculated  for  a«2,  6  > 2r0. 
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SURFACE  CYCLOTRON  RESONANCE  IN  A  STRONG  B„ 

Wen-gin  Zhao,  C.  Ha/ur*.  and  F.  Koch 
Phy  si  it -Department,  Technische  UnlversitMt  MUnchen 
RM6  Garchlnq,  Fed.  Rep.  of  Germany 
and 

Ziegler  and  H.  Maler 

Telefunhen  Electronic,  7100  Heilbronn,  Fed.  Rep.  of  Germany 

Abstract 

We  discuss  the  cyclotron  resonance  of  carriers  In  a  surface 
accumulator  layer  on  Mg^  ^Cd^Te  for  a  magnetic  field  In  the 
sample  plane. 

Introduction 

Cyclotron  resonance  /CP)  of  volume  carriers  In  a  semiconductor  can  be  ob¬ 
served  in  either  a  Bx(  Faraday)-  or  Bn ( Voigt) -configuration,  the  latter  In  the 
extraordinary  node  with  current  j  ^  to  B|.  If  the  experimental  energy  Is 
much  greater  than  the  plasma  energy  fW>p,  the  two  resonances  are  quite  similar, 
r jr  finite  wp/w  there  is  expected  a  plasma-shift  In  the  Voigt  configuration 
according  to  the  relation  w  *Vwc^  *  *p  * 

Electrons  In  a  ?-dl«nslonal  surface  layer  are  usually  studied  with  B^. 
For  the  case  of  a  strong  By  and  a  finite  width  of  the  surface  charge  layer, 
however,  there  is  also  possible  a  CR-llke  excitation  of  the  surface  layer  In 
ar  extraordinary-mode  Volgt-geometry .  The  criterion  for  the  existence  of  this 
mode  is  roughly  thet  the  cyclotron  radius  Is  se-iller  than  the  charge-layar 
width.  Next  to  volume  carrier  CR  and  6^ -surface  CR,  the  By-mode  In  a  surface 
layer  is  a  *CR-experience  of  the  third  kind".  In  the  work  of  surface  layers 
on  Pt>Te/,/  such  Bp -surface  CR  was  first  observed.  More  recently  It  has  been 
studied  for  InSb  surface  layers/2/  and  for  lnAs/3/. 


Basic  Ideas 

It  suffices  to  give  a  qualitative  description  of  the  subband  levels  In  a 
strong  B,,  and  to  contrast  the  B#-surface  CR  from  what  has  in  earlier  work 
been  described  as  subband-resonance  shifted  by  a  By^. 

In  the  absence  of  the  surface  layer  electrons  occupy  a  system  of  sub¬ 
band  levels  In  an  approximately  triangular  potential -well  as  In  Fig.  la.  Most 
carriers  occupy  the  n  *  0  groundstate  with  the  minimal  binding  length  zq.  For 
a  8|  without  a  surface  electric  field  Z±  the  situation  Is  shown  In  part  b. 
Except  for  electron  orbits  whose  center  coordinate  Is  less  than  the  cyclotron 
radius  away  from  the  surface  the  energy  is  independent  of  this  coordinate. 

For  Fig.  la  the  2  degrees  of  freedom  of  motion  parallel  to  the  surface  give  a 
constant  density  of  states  for  each  electric  subband,  which  is  filled  to  some 
appropriate  In  the  surface  layer.  In  the  case  of  tb  there  Is  the  one-dlmen- 
slonal  density  of  states  associated  with  the  parallel  momentux  ky.  Fig.  1c  Is 
an  approximate  description  of  the  spectrum  of  states  in  the  crossed  Ex  and  Bfl- 
flelds,  assigning  a  relatively  weak  and  neglecting  screening  In  the  surface 
layer.  The  t  «  0  groundstate  electrons  are  spread  most  deeply  Into  the  semi¬ 
conductor.  The  density  of  these  states  is  one -dimens  1 ona 1 . 

The  physical  picture  that  we  suggest  for  the  experimental  observations  of 
the  B„  surface-CR  on  H9^.xWxTe  Is  one,  where  for  typical  fields  By  most  sur¬ 
face  electrons  occupy  magnetic-like  states  on  the  t  -  0,  1,  ...  etc.  straight 
lines.  Such  carriers  move  on  spiral  paths  within  the  width  of  the  surface 
charge  layer.  The  la*ter  must  be  several  times  greater  than  the  quantum  limit 
orbit  diameter  (256  I  In  1  T).  The  density  of  electrons  In  the  layer  is  graded, 
decreasing  with  the  number  of  states  available  with  Increasing  depth  z.  To  the 
extent  that  electronic  states  ere  predominantly  determined  by  the  -field, 
the  selection  rule  for  their  excitation  Is  expected  to  be  cyclotron -resonance- 
11  Resonance  should  be  observable  in  a  surface  rf  field  perpendicular  to  By. 
By  contrast,  the  B, -shifted  subband  resonance  In  ref.  /3/  was  observed  In  an 
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rf  electric  field  polarized  perpendicular  to  the  surface.  Tor  the  strongly  non¬ 
parabolic  conduction  band  states  of  Hg^  ^Cd^Te,  we  expect  that  the  effective 
mass  of  the  8,,-resonance  Is  an  indicator  of  the  energy  of  the  electronic  state 
in  the  band. 

Experimental  Results  and  Discussion 

To  illustrate  the  By -surface  CR  we  give  here  a  number  of  results  obtained 
with  n-type  WU^M-Te  (n  a  1.$  x  x  a.  0.2)  that  are  Intended  to  show 

♦he  characteristics  of  the  effect.  A  more  detailed  description  will  follow. 

a)  Three  Cyclotron  Resonances 

Fig.  2  shows  the  conventional  volume  CP  in  the  uppermost  curve.  It  is  ob¬ 
served  in  the  extraordinary  Voigt  geometry  under  conditions  for  which  w. 
The  evaluation  of  the  line  width  gives  in  ur  s  24.  The  line  position  is  that 
of  the  quantum  limit  0*  ♦  1*  transition  for  an  x  -v  C.206.  The  volume  resonance 
is  followed  by  the  B|-surface  resonance  for  N&  ■=  7  x  lO^cm’^,  recorded  as  a 
change  in  transmission  with  on-off  modulation  of  the  surface  layer.  The  reson¬ 
ance  is  observed  for  a  plane-parallel  slab  (d  a.  10  pm)  and  the  lineshape  is 
certainly  affected  by  standing-wave  interference.  It  Is  a  relatively  sharp 
line  dominated  by  resonance  contributions  at  the  position  of  the  volume  reson¬ 
ance.  It  is  evident  that  these  can  only  be  transitions  of  the  0  1  type  in 

Fig.  1c.  The  dominant  part  must  come  from  the  ky  *  0  states.  Transitions  at 
finite  ky  and  between  the  other  levels  are  expected  to  contribute  to  the  ab¬ 
sorption  on  the  high  field  side.  A  complete  lineshape  interpretat  requires 
knowledge  of  the  exact  spectrum  of  the  states  in  Fig.  1c  including  re/nfng, 
nonparabol icity ,  etc.  The  B„ - resonance  originates  from  a  layer  in  which  the 
3-d  density  is  of  order  lO^cm  ^  and  fimp  ^  10  meV.  From  the  subband  resonance 
with  perpendicular  excitation  we  know  to  expect  a  sizeable  plasma-shift.  There 
Is  no  comparable  effect  on  the  By-surface  CR.  The  very  last  trace  In  Fig.  2  is 
the  previously  reported  B^-surface  CR^5/\  In  addition  to  a  contribution  from 
volume  carriers  near  2.4  T,  this  resonance  is  dominated  by  the  two  cyclotron 
transitions  from  the  surface  subbands  n  ■  0  and  1  as  labelled.  Their  miss 


values  are  strongly  -dependent  and  they  reflect  the  subband  binding  energy 
and  occupancy. 

b)  N  -Dependence  of  B„ -Surface  CR 

The  B„ -resonance  amplitude  and  lineshape  depend  on  the  Ns  of  the  surface 
layer.  The  peak  position  is  largely  Independent  of  Ns.  Particularly  for  low 
excitation  energy  Hu  (and  consequently  low  B„)  there  are  structures  on  the 
resonance  that  change  with  N^.  Fig.  3  Is  an  example  of  such  curves  for  fiw  « 

10. S  meV.  The  linewldth  tends  to  Increase  with  rising  N^.  The  llnewidth  and 
lineshape  changes  Indicate  varying  contributions  from  states  other  than  i  «  0 
and  ky  »  0  In  Fig.  1c.  Because  the  By-field  Is  quite  small  for  10.5  meV,  the 
states  are  expected  to  be  more  subband-tike.  The  limit  By  0  is.  of  course, 
the  normal  ^-dependent  subband  resonance.  With  Bw  small,  the  resonance  is  ex¬ 
pected  to  shift  with  according  to  the  perturbation-theory  ideas  discussed 
in  ref.  /3/. 

c)  Amplitudes  of  the  Bn-Resonance 

There  Is  an  unusual  and  marked  dependence  of  the  resonance  amplitude  on 
N$,  different  for  each  of  the  frequencies  K>.  Typical  signal  strengths  are  a 
few  percent  of  the  transmitted  intensity.  Fig.  4  shows  that  the  signal  grows 
linearly  with  N$  only  at  the  lowest  Ku.  At  the  highest  f»u  the  resonance  signal 
is  much  smaller  and  nearly  constant  In  amplitude.  Because  of  the  plane-parallel 
slab  geometry,  standing-wave  effects  make  difficult  a  comparison  between  the 
frequencies,  but  the  -dependences  for  given  tiu  are  quite  distinct.  In  con¬ 
structing  Fig.  «  the  maximum  height  of  the  resonance  has  been  plotted.  With  the 
lineshape  changes  as  in  previous  Fig.  3,  this  procedure  is  not  necessarily  an 
appropriate  description  of  signal  strength. 

d)  Frequency  Dependence.  Polaron  Effects? 

In  studying  the  B^-CR  at  different  we  have  searched  for  evidence  of 
resonant  polaron  effects.  The  VCR  signal  in  Fig.  2  shows  the  distinct  lowering 
of  mc  at  17.6  meV  by  -vfl*  as  reported  In  ref.  /5/.  The  SCR  In  fails  to  show 
a  comparable  effect.  The  By -resonance  shifts  by  a  small  amount,  if  Judged 
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solely  by  peak  position.  It  remains  to  give  a  proper  description  of  the  line- 
shape  In  order  tc  identify  uniquely  a  resonant  polar©*  effect  In  B^-surface  CR. 
Conclusions 

The  Bp-surface  CR  Is  yet  another  and  distinctly  different  resonance  mode 
of  the  surface  layer.  It  may  roughly  be  treated  as  free  carrier  resonance  In 
a  slab  with  density  of  order  1C17e/cm^.  Nevertheless,  the  unusual  llneshape 
and  amplitude  effects  will  require  a  more  detailed  analysis  for  a  proper  des¬ 
cription.  An  outstanding  question  that  needs  to  be  addressed  Is  why  there  is 
apparently  no  plasma-shift  of  the  resonance  In  the  high-density  surface  layer. 
We  recall  that  the  subband  excitation  In  perpendicular  excitation  is  consider¬ 
ably  shifted  by  such  plasma  effects^. 
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Fig.  1: 

Quantized  electronic  states 
In  various  configurations  of 
the  surface  electric  field 
and  the  magnetic  field 
In  1c  are  drawn  the  cyclotron- 
like  orbits  In  the  surface 
charge  layer  that  correspond 
to  transitions  t  •  0  to  l  *  1. 


Fig.  2: 

Cyclotron  resonances  from 
bulk  carriers  (VCR)  and  sur¬ 
face  carriers  (SCR)  In 
Hg^CdjJe.  The  saaple 
thickness  Is  'v  10  urn,  so 
that  the  ntmfcer  of  voliae 
carriers  is  twice  Rf. 
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S-UKfcAWOf  IH  BACK-GATED  HCUIKMUNC  T 1 0#$ 

8.  Winter 

I'l'Uion  Coaposant*  Hicroonde. 

THOH-  ON-CC'F.  Domain*  d*  rorbcvilU, 

8.8.  10,  F  -91401  <V*ay.  Franc* 

Th#  subband  't-uctur*  at  lot*  temperature  of  an  AlRGaKl A%/ftaA* 
hetero junction  in  which  the  den:. 1 t »  is  modulated  by  a  gat#  on  the  GaA* 
substrate  ha*  been  calculated  with  full  account  of  tunnelling  between  the  two 
spies  of  the  junction.  The  result*  show  that  when  the  first  excited  subband  j« 
occupied,  the  nueter  of  electrons  in  th*  lowest  subbind  reams  essentially 
constant  independent  of  bad  gate  volt *9*,  in  agreement  with  a  recent 
experiment.  1  oaf  ar  1  son  of  the  calculated  density  it  whirh  ‘he  #irst  e:ctt#d 
suhbtnd  starts  being  occupied  with  the  experiment  indicates  that  the  doping 
lapuri  ties  behave  -ante  differently  tn  AlGaA*  than  in  GaA*,  even  for  an  A1 
com  entr  stion  of  0.?*r. 


I.  Introduct  ion 

Impurities  like  'I  which  produce  shallow  donor  levels  in  OaAs  are  known 
*'■  behave  differently  m  As .  Thus.  »t  an  AJ  concentration  x  o *  0.? 

".*■  Hall  offer’  measurement*  (1-4)  show  a  binding  energy  of  aore  than  hn  wmV. 
In  accordance  with  »hi-,  finding,  calculations  on  electronic  properties  of 
*H»aA*/i.#A%  ter  ojunrt  10ns  have  issuaed  that  electron*  i  n  ‘he  AlGaAs  sre 
ft  n:en  out  *»»  that  ft##-  F»»mi  1  1  and  the  two-dimensional  subbands  nr. 

th*  ••**  side  lie  well  '.plow  the  ‘.o’ tow  of  *h#  conduction  binl  ;r  the  ■‘•aP*. 
However.  *  ot  A]  «o)e  ft  «f  •  t  on-  h»»lov  about  A.JA,  the  hinMn-i  enmrgv  i« 
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found  (1-3)  to  be  just  »*  seal!  as  .  n  i.aAs,  and  on*  would  not  expect  euch 
difference  fro*  the  hydrogenic-l  ike  behaviour  of  shallow  donor*.  In  this  cmp 
freeze-out  should  not  occur  in  doped  staples  and  th*  electrons  in  th*  AlGaAs 
should  be  free.  In  accordance  with  these  considerations  we  have  perforeed 
calculations  on  heterojunctions  in  which  all  donors  are  taken  to  be  ionized 
and  all  conduction  electrons  free,  also  on  the  AlGaAs  side  of  the  junction. 
Furthermore  w*  have  taken  into  account  th*  (usually  very  seall)  thickness  of 
the  AlGaAs  layer  which  quantizes  the  aotion  of  the  electrons  in  th*  AlGaAs 
perpendicular  to  the  heterojunction  interface.  Consequently  the  potential  for 
the  electrons  in  the  junction  fores  the  faeiliar  case  of  a  double  well  with 
♦he  conduction  band  discontinuity  giving  rise  to  the  barrier  between  the  two 
wells. 

For  th#  actual  calculation*  we  have  eaployed  a  fiirly  standard  Hartr*# 
approx teat  ton  in  which  we  neglect  the  differences  in  peraittivity  and  in 
effective  *aes  of  elections  in  AlGaAs  and  GaAs.  The  effective  was*  Schrodinger 
equation  and  Poisson  *  equation  are  solved  self-consistently  to  calculate  the 
subband  energies,  wave- functions,  th*  total  electronic  charge  and  :ts 
distribution  in  the  hetero junction.  Compared  with  other  stellar  Hartree 
calculations  th*  main  difference  is  »ha»  w*  do  not  *ix  the  electronic  charge 
in  the  channel  froe  the  start  but  calculate  it  as  a  function  of  the 
conduction  hand  energies  on  the  boundaries*  At  the  surface  of  AlGaAs  there  is 
a  barrier  of  approximately  0.13  eV  <7>  and  in  the  GaAs  substrate  away  fro*  the 
channel  th*  potential  is  determined  hy  ‘he  baci -gate  potential  ->nd'or  th* 
doping  of  the  substrate,  bather  than  trying  to  aodnl  this  potential  in  the 
substrate,  we  have  sssuaed  a  certain  boundary  value  nf  »he  '"endue*  ion  bin* 
energy  at  a  point  far  away  fro*  the  junction  but  close  enough  that  effect*  of 
non- intentional  doping  of  the  substr  it*  can  be  neglected.  The  effect  of  1 
change  in  bad -gate  voltage  is  then  t».  alter  the  boundary  value.  Detail*  of 
the  calculation  .an  he  fnn:.«J  n  (P'. 
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2-  Results  and  discussion 

In  Fig.  1  we  show  tow  character istic  results.  The  AlgGe^gAs  layer  1* 

*0  nm  thick  and  highly  doped,  Nj  ■  2M0,*cm**  .  *0  that  one  would  expect 
strong  degeneracy  in  the  hulk.  The  conduction  band  discontinuity  is  taken  to 
t*  4£c  «  0.22  eV  and  the  boundary  condition  in  the  substrate  is  taken  to  be  V 
*  vo  ■  0.4  eV  in  the  plane  180  ne  from  the  AlGaAs/OeAs  interface.  The  Fermi 
level  tf  *  0.  The  total  number  of  electrons  in  the  systee  is  found  to  be  N  - 
8.45M0**’  ca  *  but  eost  are  m  the  AlOaAs  layeri  NA(CeAsB  6*90-10'1  C“‘X- 
ftany  subbands  are  occupied  but  inspection  of  the  subband  wavefunctions  shows 
that  in  eost  cases  a  subband  can  be  considered  belonging  to  either  the  AlGaAs 
potential  well  or  the  OaAs  well,  since  the  wave-function  has  its  probability 
•laost  exclusively  in  one  well.  Thus,  two  occupied  subbands  EQ  and  E^  can  be 
identified  as  subbands  in  the  6aAs  channel  with  electrons  of  high  Mobility, 
whereas  the  others  are  in  the  AlOiAs  with  low  Mobility,  tte  have  calculated  the 
wave -functions  and  charge  distributions  for  several  doping  levels  and  several 
thicknesses  of  undoped  AlGaAs  spacer  layers,  and  these  results  serve  »s  input 
for  the  calculation  of  nobilities  presented  in  another  paper  at  this 
conference  *9>. 

If  we  now  change  the  back-gate  voltage,  i.e.  we  alter  the  energy  of  the 
conduction  band  in  the  substrate,  the  subband  energies  change  as  shown  in  Fig. 

.  Ue  find  the  expected  double-well  behaviour t  the  subbands  belonging  to  the 
AlhiAs  stay  aleost  constant,  whereas  the  GeAs  levels  increase  with  increasing 
back -gate  potential,  an  1  bet  ause  the  harrier  is  very  narrow  in  this 
high-doping  case,  the  subb inds  repel  each  other  where  they  would  otherwise 
have  crossed.  Host  interesting,  however .  is  the  observation  that  as  long  i« 
the  first  excited  subbind  F  ^  belonging  to  GaAs  is  occupied,  the  ground 
subband  energy  and  occupation  reeatn  lloost  constant.  This  agrees  with  th<* 
experiment  of  Sterner  et  al .  (10)  and  shows  that  even  though  the  nunber  of 
electrons  m  the  channel  increase-.,  i.e.  fo»  lec-eising  "g,  the  separation 
f(  Eg  decreases,  when  the  electron*  are  induce*'  by  the  r-aci  gate. 
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The  density  for  onset  of  occupation  of  the  first  "MCI  ted  subband  :s  'nun' 

(X  _7  (4 

to  be  Nci^  •  1.3.10  cn  ,  which  is  considerably  higher  than  the  8.7*10  rt. 
observed  e::per  mental  ly.  As  argued  in  <3>  it  is  difficult  *0  account  for  *hs* 
discrepancy  sioply  by  allowing  for  fairly  large  inaccuracie*  of  the  simple 
paraaeters,  so  based  on  comparison  with  this  single  experiment  one  would  have 
to  conclude  that  the  donors  are  not  simply  shallow  when  the  doping  is  high, 
even  for  a  low  Al  mole  fraction  for  which  other  experiments  jive  no  indication 
of  unusual  behaviour  (1-3).  A  more  systematic  study  is  called  for,  but 
certainly  the  double-well  behaviour  described  here  should  be  -ealirable  by  a 
suitable  choice  of  sample  parameters. 
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Bach  layer  Independently  bchevea  aa  a  2-D  electron  gas.  T.  Stern  (4)  has  shown  that 


PtASMOM  AND  ISTF.RSUBBAND  MODES  OF  A  SUl’ERJATTICS  -  CLASSICAL  VERSUS  QUANTUM  LIMITS 

®T 

W.  L.  Bios. 

GTE  Laboratories 
Ualtham,  MA  02254 

The  collective  pi. non  oscillations  of  .  semiconductor  superlattice  In  the  quantum 
limit  ere  calculated  including  subhead  structure.  For  finite  veil  dimensions,  super¬ 
lattice  plaamon.  with  dispersion  relation  slmlllar  to  the  rasulta  of  previous  theories 
arc  found.  Ve  also  predict  the  existence  of  a  new  collective  mode  Involving  charge 
depolar  iratlcn  associated  with  lntersubband  transit  lms  that  can  propagate  along  Cha 
superlattice  axis.  These  collective  p  la  arson  oeclllatloos  are  also  Invastlgsted  In  the 
classical  limit  where  the  electron  de  Broglie  vmvelength  Is  smaller  than  the  well 
dimension.  Here  the  eywetrlc  and  antisymmetric  slab  modes  associated  with  a  metallic 
layer  are  shown  to  couple  Into  hands  when  arranged  In  a  auperlactlce .  The  bands 
along  the  superlattlcc  axis  formed  from  these  slab  modes  In  the  classical  limit  are 
shown  to  correspond  to  the  euperlattlce  plaamon  and  lntersubband  superlattlcc  plaamon 
modes  In  the  quantum  limit.  Results  for  the  Interaction  of  light  with  the  superlattice 
piasmons  will  also  be  presented. 

1.  Introduction  end  Results 

Recent  advancement*  In  the  field  of  molecular  beam  epitaxy  (MBK)  have  made  ft 
possible  to  grow  semiconductor  superlattices  with  extremely  sharp,  high  quality  inter¬ 
faces  with  dimensions  ranging  from  tens  to  hundreds  of  Angstroms  (1).  Doped  or  modulated 
doped  GaAs-GaAlAs  structures  form  a  superlattlcc  of  electron  (or  tiole)  layers  because 
of  Che  bend  gap  dleconr inuit lee  between  the  conduction  end  valence  bends.  In  recent 
publications,  ourselves  (2)  and  others  (3)  have  Investigated  the  collective  pleemon 
modes  of  such  a  euperlattlce  complex  In  the  limit  that  the  confirming  well  width  la 
leas  than  the  elctron  de  Broglie  tnvelength  so  that  quantisation  effects  ara  Important 
and  barrier  widths  large  enough  so  that  electron  wave  function  overlap  la  negligible. 

In  this  limit,  the  electron  gas  In  the  layers  la  confined  In  the  subband  levels  In  the 
direction  along  the  superlattlcc  axle,  but  la  fraa  electron  Ilka  in  the  x,  y  directions. 

467 


such  a  2-D  electron  gas  is  cspsbls  of  supporting  plaemon  oscillations  with  dispersion 
quite  different  from  the  bulk,  It  haa  been  shown  that  the  2-D  piaemons 

of  each  layer  when  arranged  in  a  superlattlcc  can  couple  via  the  long-range  Coulomb 
force  to  give  rlae  to  e  band  of  Bloch-1  ike  plesmon  oscillations  along  the  euperlattlce 
exla  (the  so-called  euperlattlce  piaemons).  (5) 

Our  approach  consists  of  diagonal  Is  log  the  dielectric  matrix  for  a  lyita 
consisting  of  a  periodic  array  of  electron  (or  hole)  layers  Interacting  Coulomb ically. 
In  the  limit,  that  ehe  well  width  of  the  electron  gee  layers  approaches  *ero,  we 
obtain  the  dispersion  relation  (5)  for  the  euperlattlce  plaamon  modes 


whars  *p2D*  1»  the  2-D  plaemon.  d  la  the  superlattlcc  periodicity,  k  Is  the  wave- 

vector  component  along  the  euperlattlce  axis  and  q  Is  the  perpendicular  component 

(parallel  to  the  layers).  We  note  that  for  qd  and  kd  -* 0,  this  reduces  to  the  usual 

plaxmon  dispersion  for  an  anisotropic  system,  «*•«  cosQ,  where  0  la  the  angle  the 

P  j 

wavevector  makes  with  the  layer  and  w  le  an  affective  3-D  plaamon,  «  •  —  ! 

P  P  med 

n  being  a  2-D  density.  Recent  experimental  verification  of  the  acoustic  behaviour 
(v~q,  for  kd  fixed  and  qd  ■*  0)  of  thaae  plaamon  modes  has  been  obtained  by  Olego, 
et.  al.  (6)  via  light  scattering.  In  fact,  in  their  experiment  the  well  separation 
mas  about  IOOqX,  indicating  that  the  long  range  Coulomb  Interaction  is  still 
extremely  Important  even  at  very  large  distances. 

Our  formalism,  via  the  dielectric  matrix  defined  on  site  and  subband  Indices, 
allows  for  ths  Inclusion  of  subband  af facta.  In  particular,  we  have  shown  that  the 
well-known  charge  depolar 1 Bat  Ion  shift  of  an  lntersubband  excitation  (in  a  slagla 
2-D  layer  eystam)  will  also  couple  Coulomblca) ly  when  arranged  In  a  auper lattice . 

Me  state  here  our  result  for  the  dispersion  of  these  lntersubband  modes  since  It 
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will  be  needed  later. 


10  10 


) 

l10  \l-2e'9d  coskd  ♦  e  *2qV 


(2) 


where  le  «  dipole  matrix  element,  and  la  a  Coulomb  matrix 

element  (7).  Other  effects  such  aa  coupling  to  LO-phooons  (2),  magnetic  field  (2), 
end  diatamle-llka  superlatt lcea  (8)  (electron-hole  or  dual  density  super lattices) 
giving  rise  to  optic  and  acoustlc-llke  modes  have  also  been  considered.  Here,  we 
extend  our  calculations  to  the  classical  limit  whara  layer  widths  era  larga  compared 
to  the  de  Broglie  wavelength  and  can  be  treated  as  metalllc-llka  elabe. 

A  metal -semiconductor  interface  ia  capable  of  supporting  surface  plemaon  modes 
If  one  medium  has  a  positive  dielectric  constant  end  the  other  a  negative  dielectric 
constant.  These  surface  modes  are  propagating  along  the  Interface  bat  decay 
exponentially  away  from  the  Interface.  A  metal  slab  supports  surface  pis moons  at 
each  Interface  and  these  surface  plssmona  Interact  to  produce  symmetric  and  anti¬ 
symmetric  surface  plaamon  modes.  Our  model  consists  of  a  euperlattlce  of  such  slabs 
with  a  periodicity  1,  layer  widths  a  and  b,  and  dielectric  constants  cg(m)  and  c^(ii), 
respectively,  which  are  taken  to  be  the  3-D  dielectric  conetalnts  of  the  lstroplc, 
homogeneous  medium  with  no  apatlel  dispersion  (sea  rig.  1).  We  show  that  the  symmetric 
awl  antisymmetric  surface  plaamon  sodas  of  a  single  layer  (slab)  couple  into  corre¬ 
sponding  sy»etrlr  end  antlaywetrlc  plswon  bands  when  arranged  in  c  super  lattice . 

Our  theory  proceeds  parallel  to  previous  theories  for  the  collective  oscillations 
of  the  coupled  surface  plaamon  sodas  of  a  finite  layer  madia  except  hare  wa  extend 
the  calculation  to  a  periodic  array  of  metallic -like  layers.  Xn  what  follows,  the 
dielectric  constants  for  the  two  madia  are  spec  la 1  Is  ad  to  be  e^(w)-c^  end 
c  (*)•<  (i.  i  J;  that  la,  alternating  aanleondoctor  and  metallic -like  layers.  After 

»  n  t/ 

applying  the  boundary  conditions,  continuity  of  and  Dg  and  periodicity,  wm  find  the 
following  aquation  describing  the  coupled  surface  plaamon  bands. 

<«,kt  -  «*  I*  ml  [«.-*,>•  *  *,‘1  *  **  In>  l<W*'Sl1 

<« 
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and  8  are  defined  aa 

‘  -  1/2 


.  ,4,  W  \ 
V  *.  (*,rb  /  V  s««.  / 


(4) 

2  j  w2 

and  -  q - 2  ca  *  appropriate  for  Interface  modes.  Wa  consider  now  the 

aoo-ratardad  limit  (qc>>w)  and  from  eqn.  (3)  find  for  the  dispersion  relation  for  the 
coupled  surface  plaamon  modes 


m  t. 


(c^m-c^n)  *  cg  \jm2-n2 


P  b 


: - T~T~: — r— 

2Vb*  ■  (ea  S  )a 


(3) 


whara  n  -  slnhqs  slnhqb  and  a  -  coski  -  coshqa  coshqb.  Hare,  the  ♦(-)  branch 
corraaponda  to  tha  coupling  of  tha  symmetric  (antleymmatrlc)  surface  plaamon  modes 
of  a  single  slab  Into  a  hand  along  tha  super  lattice  axis.  In  Pig.  (2) ,  we  plot 
eqn.  (3)  along  tha  auper late ice  axle  for  qa  -  0.5  and  qb  -  0.5.  Wa  note  that 
for  qs  ♦  •  (slabs  widely  separated),  eqn.  (5)  reduces  to 
2  _ 


("•*) 


<«> 


tha  aj—acrlc  and  eatisyaeeCric  modes  of  a  single  slab.  Wa  now  consider  tha  plaamon 
dispersion  as  the  metallic  alab  layer  width  goes  to  sero  (qb*0).  In  this  limit,  one 


finds  for  tha  collective  plaai 


odes. 


1  •  (‘ 


oh  elnhqa 
coaki-coahqa  / 


(7) 


The  oyametrlc  (+)  branch  la  Identical  to  tha  previous  result  for  the  super  lattice 

,  *w®"110*10 

plaamon  eqn.  (I).  If  one  defines  an  affective  plaamon  frequency  •  •  -  -■ 

-  }  P.dir  c 


10 


,  It  follows  that  tha  antlsyMStrtc  <•) 


and  an  affective  length  as  b^^  • 

branch  of  eqn.  (7)  la  identical  to  the  Inter subbsod  plaanon  mode  of  eqn.  (2)  to 
within  a  factor  that  la  a  quantisation  energy.  This  la  physically  correct  since 
tha  euperlattlce  plaamon  mode  seta  up  a  charge  distribution  along  tha  layer  and  maps 
onto  tbs  chargs  density  of  the  symmetric  mods  in  tha  b  -»  0  limit,  whereas  tha  inter - 
subhead  excitation  has  so  induced  charge  density  normal  to  tha  plana  of  the  layer 
and  maps  onto  tha  antlsyBetrlc  mode. 

Wa  have  also  investigated  the  Interaction  of  tha  superlatt lea  plaamon  aqn.  (1) 
with  light  (tha  recorded  Unit).  One  solves  Harwell's  aquations  including  the 
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response  of  th«  i  D  layered  super  1st  tic*.  Alternatively ,  the  result  can  aleo  be 
derived  fro*  Che  6  ■*  0  Halt  of  Che  classical  result  eqo.  (3).  Details  will  be 
presented  elsewhere.  The  dispersion  relation  for  the  coupled  superlattice  plasaon 
polar  It  Ion  node  for  |£  |d  *0  and  *  q*  ♦  k*  la  found  to  be 

2  .  Lv  .  2 .  Ev  .  iV 


,  ,  2.2  ,  r  2.2  ,1  2  *c2«  Vco.20 

2  I  <-  *  .  2  ,  c  I!  .21  p 

4i  •  -  5 —  *  w  i  |w  — ^  ♦  a  I  -  —  —  * -  ... 

2  ‘  p  »v  L r  pJ  1 

where  9  Is  the  angle  K  make*  wlrh  the  electron  layers,  tor  ^90°,  that  la  wavavector 
along  the  super  tat  t  Ice ,  vr  find  J*  »  — ' a  ^ .  Tor  9  •  0°,  tha  aodea  are 
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Figure  I:  A  superlattice  coapoaed  of  layers  arranged  periodically  with  dielectric 


Figure  2:  Plot  of  the  plasaon  dispersion  relation 
along  tha  auparlattlca  axis  eqn.  (5)  for 
the  coupled  surface  plasaam  nodes  for 
qa*0.5  and  qb-0.5.  The  top  (botton) 
band  corresponds  to  the  antlsynmetrlc 
(ayaeetrlc)  nodes  of  oscillation.  The 
dotted  lines  ars  the  single  slab 
syetrlc  and  antieyeactrtc  nodes.  _  The 
formation  into  bands  la  evident. 
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THEORY  OF  RESONANT  POIARONS  IN  NARROW  GAP  SEMICONDUCTORS 

R.lassnig  and  W.Zawadzki 
Institut  fur  Experimentalphysik 
Universitit  Innsbruck 
AUSTRIA 

Resonant  magneto-polarons  are  calculated  for  two-dimensional  electron  sys¬ 
tems  in  narrow  gap  semiconductors,  using  a  variational  model  for  the  elec¬ 
tronic  band  structure.  The  results  are  compared  with  recent  experimental 
findings,  indicating  that  the  resonant  polaron  interaction  between  adja¬ 
cent  Landau  levels  is  not  reduced  by  raany-body  effects. 

INTRODUCTION 

Since  the  discovery  of  resonant  polarons  in  the  magneto-absorption  of 
InSb  (1)  the  electron-optic  phonon  interaction  in  polar  semiconductors  has 
become  subject  of  extensive  studies.  In  strong  magnetic  fields  the  peak 
structure  of  the  electronic  density  of  states  leads  to  pronounce d  resonance 
phenomena.  Recently  Horst  et  al.  (2)  reported  the  first  observation  of 
resonant  polaron  pinning  in  two-dimensional  (2D)  systems,  performing  two- 
level  cyclotron  resonance  (CR)  experiments  on  InSb  Inversion  layers. 

The  aim  of  the  present  paper  is  to  describe  theoretically  resonant 
magneto-polarons  in  20  electron  systems  including  nonparabol Icity  effects. 
At  first  we  develop  a  variational  model  for  the  2D  energy  levels  in  narrow 
gap  semiconductors.  Assuning  discrete  Landau  levels,  the  polaron  inter¬ 
action  is  then  included  applying  Wlgner-Brlllouln  perturbation  theory. 

This  approach  Is  adequate,  if  one  is  mainly  Interested  in  the  position  of 
the  polaron  energy  levels,  and  if  the  width  of  the  involved  landau  levels 
Is  not  too  large.  The  inclusion  of  finite  level  widths  in  the  calculation 
of  the  nagnetoabsorption,  which  has  been  carried  out  by  Das  Sanaa  and 
Madhukar  (3)  for  parabolic  bands,  is  straightforward. 

The  calculations  are  performed  for  InSb  Inversion  layers  and  discussed 
In  relation  with  the  experimental  data  of  ref. (2). 

THEORY 

Me  use  a  two-level  k-p  band  model  Tor  a  narrow  gap  semiconductor  In  which 
the  s-11ke  r6  conduction  level  1?  separated  by  the  energy  gap  c^  from  the 
P-1  ike  rfl  level.  The  slowly  varying  potential  within  the  Inversion  layer 


U(z)  is  taken  in  the  Hartree  approximation.  Me  fix  the  magnetic  field  H  in 
the  2-direction.  The  resulting  4x4  matrix  equation  is  solved  by  substi¬ 
tution  (4).  Describing  the  mot  on  parallel  to  the  interface  by  harmo¬ 
nic  oscillator  wave  functions  the  resulting  equation  for  the  first  com¬ 
ponent  of  the  z-dependent  envelope  function  becomes 

L  -  - ! - *1  A  ♦  J-  (c-UMc-.e-ui  |Y  >  .0  (t) 

l  2m0  dz*  tg*c-U  2mJ  dz  tfz  eg  • 


r ,n«0 ,1,2,... 


—  (M.z  ♦  J’H  (z-/(z-z*)pr(A')dz*)) 
x0  d  r  r  •  r 


edge  and  w  «eH/m*c.  is  the  static  dielectric  constant  of  the  semlcon- 
9  coo 

due  tor  and  N^  is  the  depletion  charge.  The  indlzes  r  and  n  characterize 
electric  and  magnetic  subbands,  respectively,  and  and  Pr(z)  stz  »d  for 
the  absolute  population  and  the  normalized  charge  density  in  the  i  *ctric 
subband  r  (we  set  N<f|y-INr).  Multiplying  Eq.(1)  from  the  left  side  w.th 
<Trl  and  integrating  one  obtains  easily  a  quadratic  equation  for  the  ener¬ 
gies:  _ _ 

c  -  -c 9/Z  .  <U>r»  /l.«t<T>r.c,1)/e9-«4'/e*1  (4) 

4-.  «u-<u>r).v?fj<_ia-r.^A> 

The  factor  d*/c*  is  very  small  and  therefore  neglected  In  the  following. 

The  brackets  <T>r  and  <U>r  signify  the  espectatlon  values  of  the  kinetic 
and  potential  energy  In  z-dlrectlon,  respectively.  For  brevity  only  ex¬ 
pressions  for  the  zeroth  electric  subband  are  given,  using  the  well-known 
Stern-Howard  variational  wave  factions: 

T0  .  /vn'  ******  (6) 

If  only  the  lowest  electric  subband  is  occupied,  the  calculation  is  parti¬ 
cularly  simple,  leading  to  (S) 

<T>  .  ,  <U>  •  <V  •  <»> 

0  0 

Inserting  <T>  and  <U>  In  Eq.(4)  and  minimizing  the  energy  c(b)  with  re¬ 
spect  to  b  gives  a  third  order  equation  for  b1,  which  can  be  solved  ana¬ 
lytically: 


47.1 


474 


i 


I 


* 


/ 


I 


b'  ■  (/qV/q'-p’  .  ^-,  q*  -pf).  bj 

S  ■  'V 

p-^1.  <)•('* r’)n  ■ 

0  9  9 


(8a ) 
(8b) 
(8c) 


In  the  case  of  weak  nonparabol icity,  such  as  in  GaAs-AIGaAs  heterostructu¬ 
res,  the  factor  b  can  be  well  approximated  by  the  parabolic  value  bQ. 

If  higher  electric  subbands  are  occupied,  the  calculation  becomes  some¬ 
what  more  tedious,  expecially  since  the  populations  Nr  are  not  fixed.  Com¬ 
paring  our  model  with  calculations  of  Tafcada  et  a?.  (6)  using  the  same 
material  parameters  we  have  found  that  the  results  are  very  close  for  the 
zeroth  and  the  first  electric  subband. 


As  has  been  demonstrated  by  Lax  (7)  for  the  three-dimensional  case,  the 
phonon  interaction  Vph  is  included  in  the  nonparabol icity  equations  in  the 
following  way: 


c  •  ♦  <u>.  ^  A  .  «i«T>.c..\r“)A  '  .  (9) 

Since  the  Frohlich  interaction  is  small  relative  to  the  subband  energies. 

Eg. (9)  can  be  expanded  to: 


•  <V>-  -f  A*  *  (<T>.r. 


)  ♦ 


Vl*4(<T>*c„ )  /  eQ 


(10) 


He  consider  only  the  interaction  between  a  level  characterized  h  n  with 
his  adjacent  level  (n-1)  and  neglect  interface  phonon  effects.  Starting 
from  the  unperturbed  energies  en  and  Wigner-Brillouin  perturbation 

theory  gives  for  the  energy  shift  .‘.en  of  the  level  n  : 
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(13) 


where  a-qil'f?,  1-  (hc/eH)  ard  the  functions  Ln(a)  «re  Laguerre  polynomi¬ 
als.  tr(92)  denotes  th«  Fourier  transform  of  the  charge  density  pf(z). 

As  usual,  the  denominator  in  Eg. (11)  becomes  resonant  for 
when  the  energy  separation  of  the  two  levels  Is  equal  to  the  10  phonon 
energy  The  energy  denominator  is  momentum  independent,  and  the 


q2>sunvnation  can  be  performed  analytically: 
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Evaluating  the  last  integral  Cq .(IS)  numerically,  a  simple  quadratic  equa¬ 
tion  for  Aen  is  obtained,  the  two  solutions  representing  the  upper  and 
lower  polaron  branch.  The  result  is  expressed  in  terms  of  the  energy  sepa¬ 
ration  fa*  of  the  splitted  level  n  from  the  unperturbed  level  (n-1),  which 
corresponds  to  the  measurable  CR  energy: 


*“»  *  5  ,( Wl‘H  !  ^  V'n-1  •  H1*  *  «0I(/7/,b)  1  on 

The  effective  mass  »*  is  as  usual  defined  as  . 


RESULTS  AND  DISCUSSION 

In  the  theoretical  part  we  have  demonstrated  that  a  simplification  of  the 
nonparabol icity  and  polaron  model  is  possible  without  loosing  much  accu¬ 
racy.  The  kinetic  terms  <T>,  e„  and  appear  together  under  the  square 
root  in  Eq. (9).  The  expansion  Eq.(10)  shows  that  the  polaron  interaction 
Is  decreased  relative  to  the  parabolic  case. 

The  calculations  have  been  performed  assining  that  the  electric  subband 
occupation  numbers  ere  not  altered  at  high  magnetic  f ields. Although  this 
assumption  appears  unrealistic,  the  description  of  the  detailed  Landau 
level  filling  at  high  densities  is  too  complex  and  does  not  give  much  more 
information.  The  material  parameters  are  taken  to  *0"17.9,  <w«15.7,  m*«0.0135 
and  lgJl-51. 

FI9.I  shows  the  experimental  data  (2)  for  the  zeroth  subband  compared 
with  two  versions  of  the  theory.  The  dashed  lines  indicate  the  calculation 
corresponding  to  the  measured  density  of  Njnv»2*  10* Vorr* .  In  this  case  more 
than  one  Landau  level  is  filled  at  lower  magnetic  fields  and  the  theoreti¬ 
cal  mass  does  not  Increase  apart  from  the  polaron  resonance,  as  It  is  the 
energy-de pendent  mass  at  the  Fermi  energy.  It  can  be  seen,  however,  that 
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th*  observed  mess  does  increase  with  the  magnetic  field.  Therefore  the 

solid  lines  show  a  calculation  using  a  lower  density,  N.^101 '/car  ,  for 

which  practically  over  the  whole  considered  regime  only  the  lowest  Landau 

level  is  occupied.  The  agreement  with  the  experiment  is  much  better  and 

the  resonant  polaron  anomaly  is  described  excellently. 

Fig. 2  shows  the  comparison  between  the  experiment  (2)  and  the  theory 

for  a  higher  charge  density,  at  which  two  electric  subbands  are  occupied. 

The  calculation  is  performed  for  N.  *6  *10^ /cm*,  which  is  again  lower 
i  nv  *  p 

than  the  experimentally  determined  density  (N.  »1.1  *  10  /cm* ).  Also  at 

this  density  several  Landau  levels  are  occupied  and  the  resulting  effec¬ 
tive  masses  are  almost  independent  of  the  magnetic  field,  apart  from  the 
resonant  anomaly.  It  can  be  seen  that  for  the  first  electric  subband  the 
agreement  between  the  theory  and  the  experiment  is  quite  convincing.  For 
the  zeroth  electric  subband  the  agreement  Is  somewhat  worse  and  It  is 
not  quite  clear,  why  the  experimentally  measured  mass  value  increases  so 
strongly  with  the  magnetic  field  below  the  resonance.  Concerning  the  po¬ 
laron  effect,  a  good  agreement  is  obtained  if  the  theoretical  curve  is 
somewhat  shifted  down. 

In  the  present  work  we  have  not  included  the  influence  of  occupation 
timber  and  screening  effects  on  the  polaron  Interaction.  However  the  ex¬ 
perimental  data  are  quantitatively  well  described.  Indicating  that  many- 
body  effects  do  not  reduce  the  resonant  polaron  Interaction  between  ad¬ 
jacent  Landau  levels  at  the  Fermi  energy. 
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Fig. 1 :  Cyclotron  resonance  effective  mass  as  a  function  of  the  transition 
energy  ftw,  calculated  for  N^ny«2* 101  Vcm*  (dashed  lines)  and  Njny- 
lo'Vca*  (full  lines)  and  compared  with  the  experimental  data  of 
ref. (2). 


rig. 2:  Cyclotron  resonance  effective  mass  for  two  electric  subbands  as  a 
function  of  the  transition  energy  fa,  for  N^-6'10*  Vcm*  and  com¬ 
pared  with  the  experimental  data  of  ref. (2).  The  upper  curves 
correspond  to  the  zeroth  electric  subband  and  the  lower  to  tran¬ 
sitions  In  the  first  electric  subband. 
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superlattlce  we  Mid  only  hiim  Chat 


In: « « » u  bbjfld  PImm  Itjii  of  a  Swl  -  Inf  Ini  t<  Superlat t lr«: 

A  New  Type  of  Surlace  Wave. 

Ub:  lilt  F.  ClulUnti  Guov  t  Q  inf  and  J.  J.  Quinn 
Brown  University ,  Providence,  Rhode  Island  02912,  USA 

I'MpfibKT.  relations  are  derived  for  the  bulk  and  surface  plasma  modes  of 
*  node]  seal- Inf  .ni te  Super late  Ice .  The  model  consists  of  a  periodic  array  of 
: wo -  dimens lonal  electron  layers  embedded  in  a  material  of  dlelactric  conatant 
terminating  at  the  Interface  with  a  homogeneous  medium  of  dlelactric  conatant 
t  .  The  bulk  bk  dea  fora  a  continual,  and  the  surface  mode,  iriilch  exists  only 
for  wavelengths  shorter  then  s  critical  value,  can  occur  elthar  above  or  below 
the  bulk  continuum  depending  on  the  ratio  of  to  Co< 

The  simplest  model1  of  s  euperlettlce  which  esn  correctly  describe  the  bulk 
.Hid  surface  Intrasubband  plasma  modca  consists  of  s  seal-infinite  array  of  tvo- 
Jiaensional  electron  gas  layers  located  at  i  •  ta,  where  t  •  0,1,2...  These 
lave:*  are  embedded  In  s  aedlua  of  background  dielectric  constant  c^,  and  the 
.  <ce  t*C  is  occupied  by  an  Insulator  of  dielectric  constant  Eq.  In  this  model 
:•«■  mir.iband  structure  of  the  superlattice  Is  ignored;  only  the  ground  subband 
fhtr  int  rasubband  collective  aodaa  are  considered. 

i  hi  straightforward  way*  to  obtain  the  e lect romagnet 1c  aodea  of  the 

t  <-iu  u»  write  down  the  gaaeral  solution  of  the  wave  equation  in  each  region 

•  imimi.v  standard  boundary  conditions.  For  a  p-polarlsed  wave  the  solution 
layer  can  be  written 


th 


[».*;  .i8‘-e-  .-'»■)] 

Meta  0*«<a,  q  la  umv  robber  along  the  layers,  B  ■  (c  and  l|  are 

the  amplitudes  of  ths  forward  and  backward  going  waves  (or  growing  and  da* 
c eying  waves  If  fi  is  imaginary).  To  d ascribe  ths  bulk  mods*  of  an  Infinite 
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(1) 


•  V, 


Ej  ■  exp(lkJta)  Eq 


(2) 


where  jk|  '  n/s.  This  la  simply  a  statement  that  the  field  associated  with 
the  mode  satisfies  Bloch's  theorem  since  it  la  a  solution  of  a  wave  equation  in 
a  periodic  structure.  Using  Eqs .  (1)  and  (2),  and  Imposing  the  atandard  bound¬ 
ary  conditions  that  E^  be  continuous  at  a  -  U,  and  that  the  discontinuity  In 
at  t  ■  ti  be  equal  to  Anp,  where  p  Is  the  Induced  charge  density  on 
the  plane  t  •  la,  gives 


[ievqx<q.«>/qca]  cosh  iBrrf~TkT  -  1 


O) 


gsa .  In  the  non-retardad,  or  electrostatic  limit  (cq>*u),  8  *  lq,  and  Eq.  (3) 

1 

Is  Identical  to  tha  dispersion  relation  w  •  u(q,k)  obtained  by  Daa  Sim  end  Quinn 
by  e  somewhat  more  complicated  method. 

The  lot rasubband  plasma  modes  described  by  Eq.  (3)  form  a  band  whoaa  max¬ 
imum  (for  s  given  value  of  q)  occurs  at  w^(q)  -  w(q,  k-0)  and  whoaa  min  lmm  occurs 
at  -j_(q)  •  u(q,  k-«/a)  .  For  all  values  of  k  other  then  k  •  0,  the  modes  start 
•  >ut  for  very  ssall  values  of  q  with  linear  dispersion.  Tha  continuum  of  bulk 
.well-',  is  shown  as  tha  upper  shaded  region  in  Fig.  1,  a  plot  of  frequency  vs  qa. 

To  describe  surface  modes^  we  make  tha  assumption  that 

Ej  •  sxp(-ala)  1*  (*) 

tor  1*0,  where  a  has  a  positive  real  part.  This  corresponds  to  an  excitation 
which  decays  exponent tally  with  distance  from  tha  surface  **0.  Eq.  (1)  still 
holds  for  *>0,  but  for  k<0  tha  eolutlon  of  tha  wsve  aquation  must  be  of  the  form 


*(».*.«)  •  .‘"-‘“‘(O.i.  .  Iq6*l)t0*h* 


(5) 
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Here  ■  <q  **■*/»'  1  **  reduces  to  the  value  q  In  the  elertrostat.  .r  limit,  and 
orlv  the  leaving  u«w«  solution  has  non- vanishing  amplitude.  The  boundary  con- 
art'  on, «  again  that  t  aius.t  he  M>m  Inuous,  and  that  the  discontinuity 
i:  "»ust  be  equal  to  «c  at  t«k.i  lor  »-0,l,2.,.  The  dispersion  relation 

.an  be  written 


i  »♦>'!  '.i  ' 


i  1  ■ 


- 1  , 


*V  »  (q 


.-•)!  -  o. 


(6) 


.  is  simply  the  complex  value  k  which  is  the  solution  of  Eq .  (3)  for 
the  particular  values  of  q  and  and  ■  ,  ■  J  (t  «  t  ).  The  solution  of  Eq.  (6), 
whj.h  must  be  obtained  numerically,  depends  quite  critically  on  the  ratio  of  t 


below  the  bulk  continuum  for  q>q  .  The  eolld  curve  in  Fig.  1  shows  tha  surf sc s 
wave  dispersion  for  the  case  in  Uilch  c#*5  and  lq-20.  The  values  of  q*  can  be 
obtained  analytically  by  requiring  that  Eqa.  (5)  and  (3)  (with  W>  or  k-x/e)  be 
satisfied  simultaneously .  This  leads  to  tha  result 


.-l 


In  - 


(7) 


IT.r  insert  in  Fig.  1  shows  an  enlargement  of  the  region  In  which  the  surface  mode 
* 

.in  et»e. t  the  continuum  at  q  .  The  value  of  tha  decay  parameter  a  la  given  by 


•  j  1  fn  ♦  sgrfO  | 


(8) 


wh.tL  r  ’  cosh  qa  -  <*>  (e»  /2 e  )  qa  elnh  qa.  For  c  >t  a  1#  rami  mod  approaches 

p  •  so 

i«u  as.  q  «  q  from  above.  For  l *<Q  a  he*  an  imaginary  part  equal  to  iw/a, 
Ag..»n  the  real  part  of  a  approaches  taro  aa  q  *  q*  from  above.  This  behavior 


It  la  interest  log  to  note  thst  these  surfacs  plasma  modes,  im  contrast  to 
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those  of  s  thrse-dlmcnn tonal  matetui  ’  ,  do  not  suffer  Landau  damping.  In  a 
three-dlmr*«e tonal  Jellium-like  metal  the  single  particle  energy  is  a  continuous 
I  imtl.ifi  of  wsvevectot.  Because  (he  presence  of  tha  surface  relaxes  the  condition 
jt  •  nservation  of  the  normal  component  of  wavevector,  a  surface  plasmon  can 
a  I  ways  decay  Into  a  single  electron-hole  pair.  This  la  not  true  In  tha  Super¬ 
lative  because  the  energies  assoc  iated  with  mot  ion  normal  to  the  layers  are 
quantised.  It  is  Impossible  to  conserve  energy  and  parallel  component  of  wave- 
vec lor  in  the  creation  of  an  electron-hole  pair  by  an  elementary  excitation  lying 
outside  the  single  particle  continuum.  For  the  elmple  model  ussd  in  this  note, 
the  single  particle  continuum  consists  of  that  portion  of  tha  w-q  plana  in  which 
u>  «  f>q(kp  ♦  q/2)/2m,  Tha  single  particle  continuum  appears  aa  the  lower  shaded 
region  in  Fig.  1.  For  tha  model  considered  In  reference  6,  there  arm  a  number 
of  "t«^-dla«nslonal,,  electronic  eubbands  separated  by  energy  from  tha  ground 

subband,  and  there  can  exist  a  sat  of  Intersubband  collective  modem.  In  that 
case,  there  are  additional  regions  of  tha  tingle  particle  continuum  defined  by 
-4t<l  (kp  -  q/2)/2m  ♦  wqo  <  to  <  ilq  (k^  ♦  q/2)/2a  ♦  for  each  subband  separation 
*no'  C°H*ctlve  surface  excitations  lying  outside  the  single  particle  continuum 
are  unable  to  decay  Into  a  mingle  electron-hole  pair  and  are  thus  not  subject  to 
l-mduu  damping.  Therefore,  in  high  mobility  semiconducting  superlattices,  theme 
duil ace  modes  ahou .d  have  a  very  long  lifetime. 

A  good  candidate  for  possible  observation  of  tha  surface  polarlton  modes 
disiussud  here  la  the  CaAs/Al^Ca^As  euperlattlce  system,  in  thlm  ayetsn  the 

background  dielectric  function  e#  la  not  a  constant,  but  it  la  m  function  of 
2  2  2  2  -1 

fivqucncy:  »  c#(»)  (w  -  (u  -  ,  where  c#(*)  lm  the  high  frmqmacy 

dielectric  constant,  and  ui^  and  wT  are  tha  longitudinal  end  trmnmvmrme  optical 
phonon  frequencies  respectively,  By  caking  account  of  the  frequency  dependence 
of  c^(ui),  one  finds  a  system  of  coupled  intersubband  plsemon -opt leal  phomon 
eodea.  Both  bulk  bends  and  eurfeem  excitations  exist.7 
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Because  the  surface  polarltona  are  non-radlative,  they  do  not  couple  dir¬ 
ectly  to  light.  In  order  to  observe  the  sxida*  In  optical  absorption  or  reflect¬ 
ance  it  vl 11  be  necessary  to  destroy  the  translation  invariance  along  the  sur¬ 
face  by,  for  example,  producing  a  grating  on  the  surface.  The  grating  spacing 

*-l 

i  should  satisfy  the  inequality  l  '  2xq  ;  this  la  In  the  range  of  thousands 
.<f  X  and  should  not  be  difficult  to  achieve.  Reaunant  Rattan  scattering  and 
electron  energy  lo»*  spectroscopy  appear  to  be  possible  techniques  for  observing 
the^e  surface  polariton.  In  these  experiments  large  moment uss  transfer  along  the 
surface  la  possible,  so  that  values  of  q  greater  than  q  can  be  attained. 

The  authors  mould  like  to  thank  Dr.  C.  Gonzalez  da  la  Crus  and  Dr.  A.  C. 
Tselie  for  stimulating  discussions. 
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FIGURE  l. 

A  plot  of  frequency  vs.  qa,  the 
product  of  vsvenunber  parallel  to 
the  layers  and  superlattlce 
spacing.  The  upper  shaded  region 
la  the  band  of  bulk  intrasubband 
plaenons.  The  lower  shaded  region 
la  the  single  particle  continuum. 
The  surface  polariton  node  la  the 
solid  line  which  Intersects  bulk 
plaaaon  contimum  at  (qa)*  as 
shown  tn  the  Inset .  Hare  t§  la 
taken  to  have  a  value  of  5  and  cq 
a  value  of  20. 


FIGURE  2. 

A  plot  of  the  real  part  of  oa  va. 

qa  for  the  case  in  which  c#*5 

and  c  *20.  For  large  values  of  q, 
o 

a  Is  proportional  to  q,  but  a 

* 

vanishes  at  q*q  . 
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Ab< t  rat  l 

We  rencrt  the  observation  of  magnet opho non  resonance  in  OalnAa-InP 
bet  er<>  junct  tons  and  measuresvnts  of  the  te^ierature  dependence  of  the  osci¬ 
llation*.  A  single  series  of  oscillations  due  to  scattering  by  the  'CaAs- 
like’  mode  of  CalnAa  is  seen,  in  contrast  to  GalnAa-TnP  superlattices, 
where  scattering  from  InP  phonons  is  also  observed,  and  CaTnAs-Al InAa 
betero junctions,  where  coupling  to  'inAs-like'  modes  only  is  teen.  This 
behaviour  is  discussed  in  terms  of  long-range  phonon  interactions  and  inter¬ 
face  phonons. 


Magnetophonon  resonance  is  an  extremely  powerful  tool  in  the  study  of 
e lect ron-phonon  interactions  in  semi < inductors .  In  two  recent  letters,  we 
have  shown  how  the  do mi  nan t  elect ron-LO  phonon  scattering  process  are  quite 
different  in  the  two-dimsnaional  gates  formed  in  CalnAs-InP  superl stticee 


observation  of  magnetophonon  resonances  in  CalnAs-InP  heteroj unctions,  where 
the  scattering  observed  is  different  again,  but  quite  consistent  with  the 
changes  observed  with  increasing  quantum  well  thickness  in  the  superlattices. 
The  optic  phonon  imides  of  Ga^  have  been  studied  by  a  nurt«r 
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The  dielectric  constant  for  a  material  with  two  sate  of  optic  phonon  modes  is 


'-to 


~rr 

w  ) 


•J  (w2  -  w2) 

♦  (c  -r')  TO1  *  tP  w  ; 
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where  and  are  the  two  TO  phonon  frequencies,  and  f _  are  the  low 

and  high  freqimncy  dielectri*  constants,  i  and  y'  are  dating  parameters,  *i 
r*  is  defined  by  the  generalised  Lyddane -Sachs - Te 1 ler  relations 

J  2 


u’U) 

T 

“to 


(2) 


id 


The  oscillator  strengths  associated  with  each  mode  are  (f^-c*)  and  (c*-r_3. 
For  C.a^  ,.  }As  this  gives  0.8?  for  the  ’InAa-like'  mode  at  233  cm  1  and 

I . S8  for  the  'CaAs-like'  mode  at  ?7I  cm  It  is  thus  not  surprising  that 
magnetophonon  measurements  on  bulk  GalnAs  have  shown  that  the  dominant 

scattering  is  by  'GaAa-like'  phonona*7\  although  recent  measurements  have 

(8) 

detected  some  trace  of  oscillations  due  to  'InAa-like*  modes 

Magnetophonon  measurements  were  made  on  several  CalnAa-InP  heterojiaic- 

(9) 

tions  grown  at  the  Thosmon-C.S.F.  Laboratories  by  the  LP-MOCVD  technique 
with  electron  concent  ret  ions  of  3.5  *  10**  cm  2  and  typical  mobilities  of 
8000  cm2  V~ ’s"1  at  300  K  and  30  000  cm2  v'V1  at  77  R.  Hie  oscillations 
were  detected  by  standard  seeond-deri vati ve  technique*  and  a  typical  series 
of  curves,  taken  at  lattice  temperatures  between  80  K  and  300  g,  is  shown 
in  Fig.  I.  Rotation  of  the  settle  relative  to  the  field  at  several  tesqiera- 
tures  showed  that  the  resonances  were  two-dimensional  up  to  300  K. 

The  oscillations  observed  form  a  single  aeries  with  a  fundamental  field, 
NBn,  of  14.4  T.  Using  the  measured  cyclotron  mass  of  m*  •  0.048  mo*10* 
with  a  small  correction  for  non-paraboli  city^ ,  the  phonon  energy  can  be 
deduced  from 


flto 


L0 


rffcw 

c 


(3) 


where  «c  is  the  cyclotron  frequency.  This  gives  a  phonon  energy  of  278  cm  1 , 
which  may  be  reduced  eli^itly  by  a  resonant  polaron  contribution  to  the 
effective  mass;  this  haa  been  ignored  as  there  is  some  isicertainty  over  its 
magnitude  in  two  dimensional  sys tarns,  but  it  is  thought  to  be  small,  of 
ordar  IX* 1  *2 » 1 1  * ,2* .  The  dominant  scattering  woutd  thus  appear  to  be  by 
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’ i -sA*  like'  phonons  in  hulk  GalnA*.  It  can  he  seen  from  Fig.  I  that  an 
additional  peak  at  10.2  1  appear*-  at  lower  temperature!.  The  similitudes  of 
this  peak  and  the  N  *  2  magnet ophonon  oscillation  are  plotted  in  Fir.  2. 

The  magnr  tnphonon  peak  n  visible  over  the  whole  temperature  range  studied, 
ind  h»*  a  mii  mm  at  I*1'1  K.  while  the  extra  peak  only  appears  below  220  K 
and  i  n  i  re  as  e  a  mtnotoni cal  1  v  with  dcrrvasing  te^>erature .  Magnetophonon 
•e  1  *  t tide i  fall  at  l<m  temperature*  due  to  the  decreasing  1.0  phonon  popula¬ 
tion.  am.)  at  high  temperatures  the  oscillations  become  increasingly  danced 
due  to  additional  broadening  of  the  I-andau  levels.  The  extra  peak  ia 
thought  t.>  be  the  remains  of  the  N  -  t  Shubnikov-de  Haas  oscillation;  at 
"»>  h  high  temperat  urea  the  Shubnikov-de  Haas  aaiplitude  falls  off  less 
qui-'klv  than  expected  fro®  classic  X/sinh  X  relation  (X  •  ^s^kT/HuO  since 

kl  i*  no  longer  much  less  thsn  TU  . 

c 

Fig.  I  show*  magnet  ophonon  oscillations  in  all  three  Cain  As  rwo-rfimrn- 
*  i*  nal  systems  studied  to  date:  hetero  junrt  ions  and  superlat  ti  ces  of 
i-alnAs-InP  and  hetero  junct  ions  of  r  alnAa-Al  InAs  .  The  significant  feature 
I  th*  superlattice  results  is  the  appearance  of  a  second  series  of  osci¬ 
llation#  which  increases  in  amplitude  as  the  quantum  well  thickness  is 
reduced,  becoming  coagiarable  in  amplitude  with  the  main  series  at  a  well 
thickness  of  AO  A.  This  aeries  cannot  be  the  remains  of  the  Shubnikov-de 
Haas  os<  i  1 1st  ions ,  as  the  solitude  increases  with  tengierature  in  the  range 
100- 1 Ml  X,  and  the  fisidamrnta)  field  is  much  too  high.  The  main  series 
gives  j  phonon  energy  at  268  cm  *,  and  is  due  to  scattering  by  the 
’(•sAa-like'  mode  at  r.alnAa,  while  the  second  series  gives  a  phonon  energy 
of  ISO  cm  corresponding  to  the  LO  phonon  of  InP^4’1^.  As  the  well 
thickness  is  reduced,  electrons  are  confined  closer  to  the  CalnAe-lnP 
interface,  and  scattering  by  InP  phonons  be  comas  more  ai|pii  fiesnt .  The 
hetero iunct ions  represent  the  limit  of  infinite  quentia  wa  1 1  thickness,  when 
the  InP  phonon  scattering  has  becosm  coo  weak  to  detect.  The  detail*  of 
the  InP  phonon  -  Cain A*  electron  interaction  are  not  clear,  loth  the  finite 


screening  of  the  InP  phonon  field  in  the  CaInAsv  *  and  the  penetration  of 
the  electron  wave  function  into  the  InP  could  lead  to  scattering.  Grading  of 
the  interface  region  or  interface  phonons  may  also  play  a  role. 

Results  from  the  CalnAa-AI InAs  he  tero junct  ions  are  very  different; 
only  one  series  of  oscillations  is  observed  (Fig.  3),  corresponding  to  a 
phonon  energy  of  215  cm  *.  This  is  thought  to  be  due  to  the  existence  of 
degenerate  ’InAs-like'  modes  on  both  sides  of  the  interface,  causing 

stronger  coupling  to  the  electron  can.  The  oscillator  strength  (r  -c*)  of 

o 

the  'InAs'  mode  in  AllnAs  is  1.27,  greater  than  the  value  of  0.82  in  Gain As . 

The  results  show  that  the  electron-phonon  interactions  in  the  three 
syx terns  studied  are  strongly  dependent  upon  the  interface,  but  do  not  pro¬ 
vide  any  evidence  for  interface  phonons  as  such.  The  interface  phonon  ener¬ 
gies  may  be  deduced  by  equating  the  dielectric  constant  at  the  interface, 

to  ecro,  where  c j  and  c ^  are  the  dielectric  constant*  of  the  two 
materials  calculated  from  Eq.(l).  The  frequencies  and  oscillator  atrengths 
deduced  are  shown  in  Table  1.  For  the  GaltiAs-InP  system  the  interface 
phonon  energies  teem  significantly  too  low  to  account  for  the  aeries  obser¬ 
ved,  while  for  the  CalnAa-Al InAs  hetero junct ions  the  bulk  and  interface 
'InAs'  modes  are  degenerate.  This  wool d  seem  to  explain  the  dominance  of 
'InAs*  phonon  scattering  in  this  system,  since  the  interface  phonon  oscilla¬ 
tor  strength  is  not  obviously  dominant  for  the  ‘InAs*  mode. 

In  conclusion  we  may  say  that  the  scattering  of  a  2ECG  in  GalnAa  by  LO 
phonons  may  be  controlled  so  that  the  dominant  intaraction  ia  with  one  of 
the  three  phonon  modes  'InAs',  ' CaAs '  or  ’InP'.  The  three  cases  correspond 
to:  (i)  ’InAs'  dominance  in  Ga InAs -AllnAs  hetero junct ions  and  probably 


(ii)  'CaAa'  dominance  in  CalnAs-InP  hetero junctions  or  quant  ia  wells 
of  thickness  greater  than  *  100X. 

(iii)  ’InP’  dominance  in  GalnAa-InP  quanttm  wells  of  thicknasa  leas 
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Table  1  show  the  frp<n«rn<v  in  cm  followed  by  the  oscillator  strength  for 
all  bulk  and  interface  t,0  phonons  in  the  two  svsten**. 
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Fig.  I  shows  raagne top ho non  oscillations  Pig.  3  shows  aagnetophonon  oscil la¬ 
in  a  GalnAs-InP  be teroj unction  as  a  tiona  in  the  three  svstems  studied, 
function  of  tesq>erature.  The  extra  peak  (a)  show*  a  single  serieB  due  to 


at  lower  tei^eratures  is  thought  to  be 
the  N  •  I  Shubnikov-de  Haas  peak. 


'inAa'  phonons  in  a  CalnAs-AI InAs 
he teroj unction;  (b)  shows  a  single 
series  in  a  CalnAs-InP  hetero junction 
due  to  'GaAs'  phonons;  (c)  shows 
results  for  a  ISOfc  GalnAs-InP  super¬ 
lattice  where,  in  addition  to  the 
aain  series  due  to  scattering  by 
'GaAs*  phonons,  there  is  a  weaker 
second  series  due  to  scattering  by 
'InP'  phonons  (resonance  indices 
shown  primed) ;  (d)  shows  results  for 
an  80a  CalnAs-InP  superlattice,  where 
the  two  aeries  due  to  'GaAs'  and 
'InP'  phonons  are  approximately  equal 
in  intensity.  The  masses  in  the  two 
super  lattices  differ  from  each  other, 
end  from  the  hetero junctions  due  to 
non-par ebo 1 i ci t y . 


Pig.  2  shows  the  amplitudes  of  the 
N  -  2 magnetophonon  resonance 
(crosses)  and  the  extra  peak 
(circles)  as  a  function  of  te^>era- 
ture. 
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RESONANT  TUNNELING  IN  DOPING  QUANTUM  WELL  STRUCTURES 

Ch.  Zeller  and  G.  Abstreiter 
Physik-Department,  Technische  Universitlt  Winchen 
8046  6arching,  Fed.  Pep.  of  Germany 
and 

K.  Ploog 

Ka* -Planck- Inst i tut  fUr  Fes tkbrperforsc hung 
7000  Stuttgart,  Fed.  Rep.  of  Germany 

Abstract 

The  resonant  tunneling  of  electrons  through  the  forbidden 
gap  into  discrete  subband  states  is  studied  in  pnp-GaAs 
quantum  well  structures.  Transitions  Into  different  elec¬ 
tric  subbands  in  the  conduction  band  are  observed  In  the 
derivative  curves  of  the  I-V  characteristics.  The  concept 
of  a  tunnel  trtode  structure  is  proposed  which  is  based 
on  resonant  tunneling  via  electronic  states  of  a  two-dimen¬ 
sional  system. 

tunneling  experiments  for  the  investigation  of  subband  energies  have 
been  performed  so  far  only  for  accumulation  layers  on  degenerate  semiconduc¬ 
tors  /]/  and  in  St-MOS  structures^.  In  those  experiments  the  region  through 
which  the  carriers  tunnel  consisted  of  a  very  thin  insulating  layer.  Quantum 
mechanical  tunneling  processes  have  also  been  observed  in  double  barrier 
structures  formed  by  thin  layers  of  semiconductors  with  different  band  gaps 
(e.g.  GaAs  and  AlxGet_KAs)/3/.  It  is  well  knoawi,  hwever.  that  tunneling  of 
carriers  can  also  occur  through  the  forbidden  energy  gap  of  a  homogeneous 
semiconductor  from  conduction  to  valence  band  states  and  vice  versa,  using 
heavily  doped  np-junctions/4/.  Also  the  possibility  of  bipolar  transport 
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between  n-  and  p-layers  of  doping  superlattices  has  been  discussed  briefly 
more  than  ten  years  ago^.  In  the  present  work  we  report  on  the  observation 
of  resonant  tunneling  through  the  forbidden  gap  into  subband  states  of  a  two- 
dimensional  system  in  the  conduction  band  using  ultrathin  pnp-GaAs  triode 
structures. 

The  samples  grown  by  molecular  beam  epitaxy  consist  of  an  ultrathin 
(40  nm  to  70  nm)  n-GaAs  layer  imbedded  In  two  thick  600  nm)  p-GaAs  layers. 
SI  and  Be  are  used  as  n-  and  p-type  dopants,  respectively.  The  doping  concen¬ 
tration  Nq  -  -lx  10^®  cm  3  leads  to  a  nearly  parabolic  one-dimensional 
space-charge  potential  well  with  approximately  equidistant  subbands  in  the 
conduction  band  of  the  n-type  layer.  In  the  ground-state  of  the  systems  the 
Fermi  energy  in  the  conduction  band  is  finite,  1 .e.  a  few  subbands  are 
occupied  (see  Fig.  lb).  Selective  ohmic  contacts  to  the  different  layers  are 
formed  by  alloying  small  $n  and  Sn/Zn  balls  as  n*-  and  p*-electrodes,  respec¬ 
tively. 

The  carrier  density  In  the  potential  well  can  be  varied  by  applying  a 

voltage  Unp  between  the  selective  electrodes.  The  potential  well  Is  then 

shifted  with  respect  to  the  Fermi  level  #p  in  the  p-type  layers.  In  Fig.  1 

the  situation  is  shown  schematically  for  different  values  of  For  U  »  0 

np  np 

the  Fermi  levels  In  the  p-  and  n-type  layers  are  equal,  and  the  occupation  of 
electric  subbands  depends  on  the  design  parameters.  With  reverse  bias  (Unp 
<  0)  the  carrier  concentration  gets  depleted,  the  depth  of  the  potential 
well,  however,  is  Increased  (Fig.  la).  The  tunnel  probability  for  electrons 
from  valence  band  states  to  the  empty  subbands  depends  on  the  density  of 
states.  Consequently,  this  reflects  the  step-like  behavior  of  the  two-dimen¬ 
sional  system  in  the  n-type  layer.  A  forward  bias  (Uflp  >  0),  on  the  other 
hand, decreases  the  depth  of  the  potential  well,  and  the  quasi-Fermi  level  for 
electrons  *n  Is  Increased.  Electrons  can  now  tunnel  from  the  occupied  sub¬ 
bands  Into  the  hole  states  above  4p  (Fig.  1c).  If  the  applied  potential 
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eUnp  *  ($n  -  tp)  exceeds  <tn»  direct  tunneling  processes  are  no  longer 
possible  (Tig.  Id). 

In  order  to  observe  directly  the  tunnel  current  we  have  carefully 
studied  the  1-V  characteristics  of  several  pnp-GaAs  structures.  In  Pig.  2 
results  are  shown  as  obtained  for  »  sample  with  *  2  x  JO18  cm"3  and 

the  thickness  of  the  n-type  layer  of  d  *  70  nm.  The  top  curve  is  the  direct 
I-k  trace  measured  for  a  large  voltage  range  to  show  the  overall  behavior  of 
the  np-characteristics.  The  two  lower  curves  are  the  first  and  second  deriva¬ 
tive  observed  in  the  region  -200  mV  -  U  -  100  mV.  The  more  sensitive  deri¬ 
vative  spectra  exhibit  a  sequence  of  pecks,  with  a  separation  of  approximately 
3i  mV.  At  0  V  an  additional  dip  is  observed  which  Is  related  to  a  weak  zero 
bias  anomaly  whose  strength  varies  from  sample  to  sample.  This  effect  causes 
some  distortions  of  the  subband  tunnel  structure  around  0  V.  The  spacing  of 
the  peaks  in  the  derivative  curves  is  explained  by  changes  of  the  tunnel 
current  rfilch  occur  whenever  a  subband  is  shifted  through  the  Fermi  level  $p 
in  the  valence  band. 

The  observed  structures  can  be  compared  with  self-consistent  calcula¬ 
tions  of  the  potential  well  and  the  subband  energies.  Using  the  given  design 
parameters  of  the  sample  we  obtain  a  Permi  energy  for  the  unexcited  state 
1  73  meV.  Consequently  one  should  reach  the  condition  that  the  lowest 

subband  moves  through  the  Fermi  level  in  the  valence  band  at  U  •  73  mV. 

np 

This  is  marked  in  Pig.  2  by  the  large  arrow.  Tt  coincides  extremely  well  with 
the  strongest  peak  observed  in  the  derivative  curves.  The  small  arrows  mark 
the  calculated  subband  separations  as  obtained  for  those  subbands  which  are 
closest  to  and  are  therefore  responsible  for  the  structures  in  the  tunnel 
current.  The  energy  difference  Is  Increasing  with  applied  negative  bias  vol¬ 
tage.  For  unp  >  0  only  the  lowest  subbands  are  involved  in  the  tunneling 

processes.  Their  energy  separation  is  of  the  order  of  20  meV.  At  U  ■  -IfO  mV 

np 


we  find  a  separation  between  subbands  five  and  six  of  about  35  meV.  Cxcept 
for  the  dip  at  0  V  there  is  good  agreement  between  theory  and  the  measured 
peak  structures. 

We  have  also  observed  some  structures  for  applied  voltages  where  direct 
tunneling  between  valence  band-  and  subband  states  is  no  more  possible.  They 
are  probably  caused  by  deep  impurity  levels  both  above  the  valence  band  and 
below  the  conduction  band  edge.  Some  of  these  levels  are  also  seen  in  photo¬ 
luminescence  spectra  of  the  same  samples^. 

The  present  experiments  have  been  performed  on  samples  with  relatively 

c  Ip  _  *1 

low  doping  concentrations  (Np  »  -  4  x  10  cm  ).  For  these  values  the 

direct  tunneling  probability  through  the  band  gap  is  weak  Consequently,  the 
structures  were  observed  only  In  the  derivative  curves  but  not  in  the  direct 
1-V  characteristic.  A  strong  Increase  of  the  tunnel  current  is  expected  for 
higher  doping  concentrations,  which,  however,  requires  an  Improved  contact 
technology.  With  the  presently  diffused  contacts  the  leakage  current  becomes 
too  high.  One  solution  is  the  Incorporation  of  masking  techniques  into  the 
molecular  beam  epitaxy  system.  Another  possibility  is  the  application  of 
well-defined  ion  implantation  for  highly  resistive  areas  around  the  contact 
regions.  The  fabrication  of  such  devices  opens  a  wide  field  for  applications 
which,  for  example,  make  use  of  resonant  tunneling  from  one  p-  to  the  other 
p-region  via  real  electronic  states  of  a  two-dimensional  system  In  the  n-type 
layer. 
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COLLECTIVE  MODES  OF  TYPE  U  SEMICONDUCTOR  SUPERLATTICES* 

A.  Tselis  ,  G.  Gonzalez  de  la  Crus*  and  J .  J.  Quinn 
Department  of  Physics,  Brown  University,  Providence,  RI  02912  USA 

ABSTRACT 

A  general  formulation  is  developed  to  describe  the  electronic 
collective  modes  of  a  type  II  super  lattice  aa  exemplified  by  the 
InAa/GaSb  system.  Dispersion  relations  are  evaluated  In  the  limit  of 
weak  coupling  between  different  Intersubband  excitations  and  the 
Intrasubhand  modes. 

In  thia  paper,  we  Investigate  the  electronic  collective  excita¬ 
tions  of  type  II  semiconductor  super lattice*.  For  many  purposes,  type 

I  superlatticea  can  be  thought  to  consist  of  a  periodic  array  of 
quasl-two-dlmenslonal  electron  layers,  while  type  II  auperlettlcee  cen 
be  thought  of  aa  a  periodic  array  of  alternating  quasl-two-dlmenslonal 
electron  and  hole  layers.  A  typical  example  of  the  latter  la  the 
InAa/GaSb  system.  In  which  the  conduction  bend  edge  of  InAa  le  below 
the  valence  hand  edge  of  GaSb.  This  results  In  the  transfer  of  elec¬ 
trons  from  the  GaSb  levers  to  the  InAa  layers,  leaving  holes  behind  In 
t  he  GaSb . 

The  model  used  to  describe  the  electronic  structure  of  the  type 

II  super  lattice  la  the  following.  Each  quasi-two-dfmenelonal  layer 
Is  labelled  by  an  Integer  (the  layer  Index,  1),  This  Index  la  even 
for  electron  layers  (which  contain  n#  electron*  per  unit  area,  of 
efface lv*  mass  m^  and  charge  -e)  and  odd  for  hole  layers  (which 
contain  holes  per  unit  area,  of  effective  mesa  and  charge  ♦*) . 


The  eigenvalues  and  eigenfunctions  of  the  unperturbed  system  are  taken 


H2k* 

2m, 


ik-p 


(1) 


Here,  n  la  a  subband  Index,  t  the  layer  Index,  "a"  the  layer  separation, 
and  k  anJ  p  are  two-dimensional  wavevector  and  position  vectors  within 
a  layer,  respectively.  The  envelope  functions  ♦  .(t)  considered 
to  be  known  functlonai  tn(«0  for  *11  electron  layere  and  nQ(s)  for  hole 
layers.  In  thia  model,  electrons  (or  holes)  are  free  to  move  along 
their  layer,  but  their  motion  normal  to  the  layer  la  quantised  by  the 
superlattice  potential.  No  transfer  of  carriers  from  layer  to  layer  is 
allowed,  ao  the  mlnlbands  of  the  periodic  auperlattice  potential  are 
flat. 


To  obtain  the  electronic  collective  modes  of  the  system,  we  intro¬ 
duce  an  external  perturbing  potential  of  the  form 
_  ..ext,*  _  t«t-lq*p 


(r,t)  ■  v  (q,w,x) 


(2) 


Thi'  ixtcnul  disturbance  gives  rise  to  a  total,  self-consistent  po¬ 
tential  v  which  la  the  sum  of  the  external  potential,  a  Hart re*  poten¬ 
tial  v  ,  and  an  exchange-correlation  potential  v*°.  The  change  In 
density  An  caused  by  the  eelf-conslstent  potential  le  calculated  by 
linear  response  theory;  it  Is  given  by 

&n(q,w,i)  •  t  ^mlvjfqw)  |m’>eBj(r-fe)em,  t(s-te)  (3) 
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Here,  we  have  assumed  that  there  la  no  overlap  of  the  vavefunct Ions  In 
adjacent  layers,  and  Introduced  the  symbol 

f(«  f(k>q)l  -  fit  ..<k)l 

s'*!  -  r  7— — nmcr  • 


the  Irreducible  polarizability  of  the  t-th  layer.  The  symbol  *m|v(lm's 
stands  for  the  matrix  element  of  v(q.«,z)  between  the  ■  and  a*  aubbanda 
on  the  i-th  layer.  The  Hartree  and  exchange -correlation  potentials 


2*e2  .  .  ,  -q|x-*‘ !  , 

...o  .  rv  •  dt  * 


xc,  .  vxc  n  .  . 

V  <q,«,z)  -  — -  *n(q,w,z) 


where  V^'n'r  la  the  exchange-correlation  functional. 

Bv  combining  these  equations,  w  ran  obtain  a  relation  hetveen 
matrix  elements  of  the  external  potential  v<xt  and  matrix  elements  of 
the  sc  If -consistent  potential  v.  Thin  relation  can  be  fhovixht  •(  at  a 
matrix  equation  In  which  subband  Indices  label  the  matrix  elements.  ft 
contains  the  same  Information  as  the  non- local  dielectric  function 
(z.z'iq.u.)  which  provides  an  Integral  relation  between  the  external  po¬ 
tential  at  position  t  snd  the  sel t -consistent  potential  at  position  z'. 

The  condition  for  self -sustaining  collective  modes  la  obtained  by 
requiring  that  the  sal f-con»l stent  v  remain  finite  when  v**1  la  set 

equal  to  *ero.  This  condition,  together  with  lint  anaata  chat 
tk  >a 

«n|w  (q  ,*)  ,0'  •  e  »nlv  t  q .-»)  I  O’*  for  l  even 


<n|vt(q«) |0» 


n;Vj  (q.wi)  )0>  for  1  odd 


ieadn  to  an  Infinite  determlnantal  equation  whose  roots  give  the  col¬ 
lective  mode  frequencies  as  a  function  of  q  and  k  .  Limitations  of 
space  permit  us  to  display  only  some  simple  apecisl  cases.  It  Is  con- 
venlent  to  label  the  electron  aubbanda  n*0 ,1 ,2 , . . . and  the  hole  aubbands 
n '•O' , 1 ' ,2 ' , . . . .  The  rows  and  columns  of  the  determinant  will  then  be 

labelled  0,0* , 1 ,1 ' , 2,2* .  In  the  remainder  of  this  note,  we  will 

neglect  the  coupling  between  intra-  and  Intersubband  modes,  and  between 
different  intersubband  pairs.  In  that  case  the  determinant  la  diagonal 
in  2X2  blocks. 

In  the  limit  of  weak-coupllng  between  the  layers,  where  the  layers 
are  far  apart  in  the  sense  that  qa  •»  1,  the  modes  consist  of  purely 
two-dimensional  plasmons  and  collective  interaubband  excitations  occur¬ 
ring  independently  on  each  layerf 

In  the  strong-coupling  limit,  where  the  layers  are  close  together 
(qa  <<  1),  we  obtain  coupled  20  electron-hole  plasmons,  and  coupled 

Interaubband  electron-hole  modes.  The  former  have  been  discussed  else- 
t 

where,  hot  we  display  the  two  bands  of  Intrasubband  plasmons  in  Fig-  1 
for  the  sake  of  completeness.  The  coupled  Intersubband  electron-hole 
modes  have  frequencies  to  Oh2)  giver,  by 

i|,*2„-*2i  •  \  yj7*"5*v  ♦  7V  ,  (») 

•  2  no  no  2  no  no  n  n  no  no 

where  rt  is  the  sepsrstlon  between  the  n-t»>  and  ground  electron  eub- 


0O 


and  •(4»n#s*/c^ttttno^lt||o|2.  S-sinh( 2qa|coah  2qa-coa  2 ha]  *  and 
j'»  S  co«ika|fcoah(qa)are  structure  factors  describing  the  coupling  be- 


.;■>  & 


'  ■  .*M^i 
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/ 
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tween  adjacent  layers.  The  barred  quantities  are  defined  In  the  s aae 
wav  as  the  unbarred  nnes,  except  that  the v  refer  to  the  hole  layers. 

The  two  frequencies  *  in  (8)  correspond*  to  the  ln-phase  and  out-of- 
phase  action  of  the  electrons  and  holes  within  a  supercell  (note  the 
analogy  with  the  phonon  aodes  of  a  linear  diatoalc  chain).  In  the  week- 
coupling  limit  tqa  »>  1),  S»l,  S'-O  and  we  obtain  separate  electron  or 
hole  Intersubband  aodes.  In  the  strong-coupling  limit  with  k  «0,  so 
that  the  actions  In  all  the  supercells  are  in  phase,  Sq-S'q»l/a,  and 
eq.  (8)  yields  coupled  softened  electron-hole  Intersubband  aodes.  For 
k  k|,  c>n  the  other  hand,  we  find  the  Interesting  result  that 

*  “no(1  +  "  V  +  0<q2)  • 

J  -  32  (l  4  an  -  fln)  ♦  0(q2) , 

where  the  coupling  occurs  only  In  the  coefficients  of  q2. 

In  Fig.  (1)  •  qualitative  sketch  shoving  both  the  intra-  and 
intrraubband  excitation  bands  is  presented.  These  collective  Bodes  can 
be  detected  by  Light -scattering  and  infrared  absorption  measurements  on 
type  It  systeaa  such  as  InAs/GaSb.  Light-scat  taring  techniques  arc  aore 
suitable  for  an  unambiguous  identification  of  the  aodes,  since  these 
as  (hod a  allow  measurement  of  the  dispersion  of  the  aodes  by  appropriate 
changes  in  the  angle  of  Incidence. 

Calculations  on  the  affects  of  magnetic  fields  and  the  slectron- 
pbonoo  Interaction,  as  well  as  the  transverse  aodes,  have  been  done  and 
will  be  p reseated  elsewhere. 
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Figure  1.  A  qualitative  sketch  of  the 
frequency  of  the  intra-  and  intersubben/; 
collective  aodes  as  a  function  of  qa. 

The  ordinate  la  In  unite  of  101*  sec-1 . 
Both  intra-  and  Intersubband  aodes  fora 
a  pair  of  bands  whose  boundaries  ate  at 
k«0  or  k-w/2a.  The  four  bands  are 
shown  as  the  cross-hatched  regions. 
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Optical  anti  flectrlcal  Proper  tie#  of  PbTe-Pbj  ^Sn  T» 
lattices  Prepared  on  KCl  bv  a  1IWF 
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S.  Shlmomur*,  S.  Takaoka  and  K.  Muraae 
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Toyonaka,  Osaka,  560,  Japan 

The  Infrared  cranaal trances  of  PbTe-PbQ  gSn0  ^Te  superlattices  prepared 
on  KCl  substrates  by  a  hot  vail  epitaxy  were  measured  at  200  K  and  their 
•rbsorption  edges  are  compared  with  the  theoretical  calculations.  In  addition 
results  of  transverse  magnet  ores is ranees  and  cvclotron  resonance  are  given. 

1.  Introduction 

Since  the  first  proposition  of  the  one-dimensfonef  auperlef t ire  by  Faakl 
and  Tsu  (1),  many  works  Involving  various  kinds  ol  super  lattices  (SLe)  (2-^4) 
have  been  reported.  PbSnTe  la  a  narrow  gap  semiconductor  with  electrons  or 
holes,  both  of  which  have  very  light  effective  masses  and  large  changes  of 
the  energy  gap  should  be  expected  bv  making  SLs  using  thia  awlconductor . 

Recently  PbTe-Pb^  gSn ^  ^Te  Sl.a  have  been  prepared  on  the  BaFj  (111) 
cleaved  surfaces  by  the  hot  wall  epitaxy  OWE)  and  their  quantum  size  effects 
were  investigated  by  our  group  (  5/v7  ).  PbSnTe  has  many  valley  band  structures 
and  the  features  of  the  electronic  states  of  the  SLs  are  sewevhat  complicated, 
because  in  the  growth  condition  mentioned  above  the  axis  of  St  la  along  (111) 
and  two  kinds  of  subband  with  light  and  heavy  effective  masses  occur.  For  the 
reduction  of  this  complication  or  an  application  of  the  SL  to  PbSnTe  laser  (8), 
preparation*  of  the  SLs  on  xuch  a  substrate  as  a  KCl  (100)  surface  are  desired. 
We  succeeded  in  making  the  SLs  (  n  or  p  *  lO^'v  10^®  cm  ^  and  45  270  layers) 

and  will  report  experimental  result*  of  their  optical  and  electrical  properties 
with  theoretical  analysis. 

2.  Semple  preparation 

In  the  early  stage  of  our  experiment*  on  making  PbSnTe  SLe,  it  seeattd  that 
the  PbSnTe  thin  film  growth  on  the  KCl  aubatrate  was  not  eaay  compered  with 
that  on  the  BeP?  substrate.  The  thermal  expansion  coefficient  of  KCl  la  much 
greater  than  that  of  leP^  *nd  It  was  difficult  to  make  flat  thin  film  of  it 
oc  the  KCl  subatrata  heated  at  rather  low  temperature  (  230*C  ).  But  in  the 


ptogrea*  of  our  works  It  was  found  that  the  surface  of  the  grown  film  even  on 
the  KCl  aubatrate  was  much  improved  by  using  a  flip-flop  growth  method 
(  discretely  growing  ).  In  our  method  of  making  PbTe-PbSnTe  SLs  using  HUE  one 
must  stop  growing  of  film  in  a  Interval  between  PbTe  and  PbSnTe  layer  grovchee, 
where  two  hot  wall  system*  for  PbTe  and  PbSnTe  are  used,  l.e.  this  is  one  kind 
of  the  flip-flop  growth  method. 

The  first  buffer  PbTe  layer  with  a  thickness  of  about  500  A  was  grown  on  the 
KCl  aubatrate  cleaved  along  the  (100)  plane.  The  thickness  is  much  thinner 
compared  with  that  in  the  early  stage  because  of  the  reason  mentioned  above. 
Periodic  layers  of  the  PbTe-Pb^  g$nQ  SLa  were  succeslvely  grown  on  the 
buffer  layer*.  SLs  prepared  are  classified  Into  two  groups;  f,e.  one  group  (A); 
the  thickness  of  a/PbSIITe  layer  (  width  of  potential  well  )  la  40 ^  400  A, 
while  that  of  the  PbTe- layer  (  barrier  width  )  la  constant  (  200  A)  and  the 
other  group  (B) :  the  former  la  constant  (  60  A  ),  while  the  latter  is  40*v  300 
A.  The  surfaces  of  the  SLs  obtained  In  thia  way  were  almost  specular  In 
appearance.  The  substrate  temperature'  during  growth  wee  260*C  and  Te  reservoir 
temperatures  were  adjusted  to  be  300  and  310  *C  to  obtain  n  and  p-type  samples, 
respectively. 

3.  Experimental  results  and  discussions 

1  Optical  properties  ]  The  Infrared  transmittance*  of  the  SLs  of  group  (A) 
were  measured  at  200  K  and  thel ■  results  are  shown  In  Flg.l-a.  For  the 
materials  uaed  both  susses  of  electons  and  holes  are  very  light  and  the 
Vurateln-Moaa  effect  obscures  the  fundamental  absorption  edges.  To  avoid  thia 
effect,  all  the  measurements  were  carried  out  at  the  rather  high  temperature. 
Curves  2  6  show  the  transmittance*  of  SLe,  while  1  and  7  show  those  of  4 

PbTe  and  a  PbQ  gSng  jfa  l*y*re,  respectively.  Total  thickness  of  the  SL  was 
fixed  to  be  2.ft^»m.  It  le  apparently  seen  that  absorption  edges  are  shifted 
toward*  high  energy  with  decrease  In  the  thickness  of  the  PbSnTe  layer  In  the 
SL.  Tht  energy  level  or  wavenumber  of  the  quantum  state  in  the  potential  well 
of  the  conduction  band  Increases  with  this  change.  Similar  variation  should 
occur  In  the  valenca  band  and  the  energy  separation  between  ground  atatee  In 
the  conduction  end  valence  bands  Increase  with  this  change,  assuming  that  the 
barrtar  height  of  the  valance  band  (  A  )  la  nearly  equal  to  that  of  the 
conduction  band  (  A  ). 

To  analyte  the  tranamlttances  the  absorption  coefficients  were  calculated 
from  the  curves  In  the  Pig.  1-a.  Absorption  edge  energies  Ige  were  obtained 
and  ar a  shown  in  Flge.l-b  and  1-c  for  tha  groups  (A)  and  (B) ,  respectively . 

The  meter 1*1*  used  ere  narrow  gap  semiconductors  end  the  potential  well  depth 
(  barrier  height  )  should  be  Mall.  So  tunnel ing  effect  with  changing  the 
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thickness  of  the  PbTe  layer  <  harrier  width  )  w*r»  examined  and  their  resulr-* 
are  shown  in  the  Fig.  1 -c  for  the  grnup  (B).  In  these  analyslssen  the  Kronig- 
Penney  and  the  Kane's  models  were  used.  Absorption  c<*ef  f  Ictents  (At  depend 
usually  on  (he  density  of  empty  states  of  the  two-dimensional  systems. 
Temperature  dependences  of  the  transmittance*  were  measured  ami  tome  humps 
were  appeared  in  theal  curves  obtained  (ros  the  ti annmittance  curves  es  shown 
in  Fig.  2.  The  humps  become  to  be  seen  sharp  at  high  temperature  due  to 
Increase  in  the  density  of  empty  states.  Thus  one  can  estimate  positions  of  the 
energy  of  the  optical  transition  between  excited  suhbands  (  N  •  2  ). 

[  Magnetoresistance  1  To  ascertain  two 'dimensional  conduction  of  carriers 

18 

confined  In  the  quantum  well  transverse  magnet  ores t s t an.  e  of  p-tvpe  (  p«  2x10 

cm'*  )  PbTe  (200  A)-Pbft  „Sn.  ,Tf  (200  A)  SL  was  measured  at  77K  and  B-12  kG 

0 .  o  0.2  ,^9 

and  are  sh-vn  In  Fig.  3.  The  magnet  oreslstance  varies  as  of Mt  91, 
here  *»  is  angle  between  the  magnetic  field  0  and  the  direction  of  SL  (flOOl). 

It  decreases  almost  to  zero  at  w-90* .  Longl tud lna '  magnetoresistance  was  also 
measured  and  was  found  to  be  very  small.  These  resistances  should  become  some 
magnitudes  tor  such  a  single  crystal  as  a  n-type  f.e  due  to  many  valley  band 
structures  with  ellpsoldal  constant  energy  surfaces  at  L  points.  From  the  above 
discussion*  holes  are  found  to  be  confined  in  tha  quantum  well  of  the  SL. 

(  Cyclotron  resonance  !  To  investigate  electronic  motion  of  the  SLs  the 
cyclotron  resonance  <HR»  was  measured  at  4 .2  K  using  a  337  /A m  HCN  laser. 
Angular  dependences  of  CR  absorption  spectra  and  of  C.R  maes  for  the  n-type 

PbSoTe  1  40  A  )-  PbTe ('200  A  )  SI  are  shown  in  Figs.  4-a  and  4-b,  respectively. 
In  fhe  Fig.  4-b  broken  lines  were  obtained  theoretical  ly  asaumingd  Y.J  4  E^l. 
If  one  assume  it  *-1/4,  their  coincidence  becomes  good  with  each  other.  But 
its  validity  of  the  latter  assumption  is  not  now  clear,  even  though  there 
should  be  acme  strains  in  the  Interfaces  of  the  SLs.  In  any  way.  CR  radius 
becomes  S00  A  with  Fermi  energy  F.f*10  meV,  m*  m0.017m#  and  B*10kG,  and 
it  is  much  larger  than  the  length  of  one  period  of  the  SL  (  240  A  ).  It  is 
noticed  that  CR  was  observed  even  In  the  condition  and  observed  masses  are 
lighter  than  the  conduction  band  edge  mass  of  PbTe.  In  addition,  transverse 
(#•90*)  and  longitudinal  magnetoreai stance  were  observed  to  some  extent. 
These  facts  show  that  some  quantum  subbands  appear  between  the  top  of  the 
barrier  (  bottom  of  the  conduction  band  of  PbTe  )  and  the  bottom  of  the 
quantum  well  (  bottom  of  the  conduction  band  of  Pb^  gSnQ  * 

Th*  .nf raced  transmittance*  of  PbTe-PbQ  gSoQ  jTe  super-lattices  prepared 
on  the  RC1  substrate  by  a  hot  well  epitaxy  were  measured  at  200  K  and  tha 
fundamental  absorption  edges  can  be  explained  by  the  theoretics!  calculation 


using  the  Kronlg-Penny  model,  taking  into  account  the  many  valley  band 
structures  with  ellpsoldal  constant  energy  surfaces  and  the  non-parabol iclty 
of  the  ecectronic  state.  For  a  p-type  sample  transversal  magnetoresist  ana  was 
measured  and  two-dimensional  motion  of  boles  confined  in  the  quantum  well 
was  ascertA  ned .  For  a  n-type  sample  cyclotron  resonance  was  measured  at  4.2  K 
and  observed  cyclotron  masses  are  compared  with  the  theoretical  values.  To 
clarify  natures  of  the  I’bTe-PbSnTe  super  1st t ices  In  more  detail  more  experimental 
studies  as  cyclotron  resonance  are  required. 
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’K*  J  The  infrared  tranaa  .Lances  of  various  kinds  of  PbTe-PbQ  flSn0  ^Te  SLs 

At  200  K  (  1-a  ).  Variations  of  the  optlcsl  absorption  edge  energy  as  a 
I  unction  of  pbo,8*no  2T*  ^  ^  PbTe  **F*r  thicknesses  (  1-c  ) 

compared  with  the  theoretical  values  using  the  Kronlg-Penny  modal. 

For  the  samples  3,  5  and  6  in  tha  Pig.  1-a,  PbTe  ununlform  films 
'  **  8  /Am  )  were  deposited  onto  the  tops  of  the  SLa  in  order  to 

diminish  interference  fringes  near  the  absorption  edges. 

Hg.  2  i  nargy  dependences  of  oilfk)  for  tha  PbTe  (  200  A  )-  PbQ  #SnQ  2Te  (  *00  A  ) 
SL  at  tha  temperatures  77  (A),  200  (B)  and  260  (C)  K.  Broken  lines 
(a),  (b)  and  (c)  show  the  theoretical  density  of  empty  states 
corresponding  to  (A),  (B)  and  (C) . 

Pig.  3  Results  of  tha  tranavaraal  magnate  reals tanca  of  tha  p-type  (  p»2xl0*® 
c«*’)  PbT.  (  200  A  )-  n0  8Sl<0  jT.  (200  A  )  SI  at  77  K. 

Fig.  4  Angular  dependences  of  CR  spectra  (  4-a  )  and  of  CR  mesa  (  4-b  )  at  4.2  X 
for  th,  n-typ.  (  n-»xlOl6c."3)  PbT,  (200  A  )-  n>0  ,Sn0  }i,  (  AO  A  )  SL. 
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PUoraLL'HtXEScr.ftCL  AND  tXCITATlO*  SPECTROSCOPY  IN 
Otl'PUD  <.*As-Ge(Al)As  QUANTUM  UEIJLS 

C.  Delalxnde,  V.Q.  ‘"iimtliu,  0.  Restart J,  H.  Vo os 
Croup*  d*  Physique  dt »  Solid**  «le  1'Ecole  Normal*  Suplrieure 
2*  ru*  Lhoaond,  ?S2J!  Paris  Cedex  OS,  Franc* 

A.C  .  Gossxrd  and  V.  Wieggunn 
Btll  Laborator iaa ,  Murray  Hilt.  New  Jersey  0797 4  USA 

Abstract 

W*  address  the  subject  of  virtual  bound  states  (resonances)  in  a  coupled 
quantum  well,  GeAs-GalAl ) As  structure  grown  by  molecular  beam  epitaxy.  The 
behaviour  of  bound  hole  states  and  hole  r«aooaocea  is  calculated  in  the  enve¬ 
lope  function  approach  for  «  double  we]]  aystam  with  well  (CaAa)  widths  ranging 
trim  0  to  200  A  and  a  fixed  barrier  (Ga0  3***0  JftAs)  °*  * 2  A,  taking  into 

siiount  band  non-parabol U i ty  and  the  spin' orbit  energies  of  the  host  materials. 
Experimental  results  baaed  on  excitation  spectroscopy  measurements  and  pertai¬ 
ning  to  the  existence  of  a  transition  involving  a  virtual  bound  holt  state  are 
presented  for  a  system  consisting  of  40  periods  of  two  4)  A  CaAs  wells  separa¬ 
ted  by  12  A  CaQ  g*Aa0  )f>As  barriers.  We  alao  discuss  briefly  the  evolution  of 
the  photoluminescence  and  excitation  spectra  in  the  2  to  40  K  temperature 
range 

The  development  of  techniques  such  as  molecular  beam  epitaxy  haa  made 
it  possible  to  grow  single  crystal  structures  approaching  atomic  dimensions 
and  numerous  studies  of  quastm  affects  in  these  systems  have  been  carried  out 
/!/•  In  particular,  Dingle  at  al./2/  have  conducted  optical  absorption  measu¬ 
rements  in  coupled  multi-well  CaAa-Ce(Al) As  structures,  which  indicate  splitting 
of  eingle  well  bound  states  due  to  inter-vell  coupling.  Ua  report  the  first 
observation  of  this  phenomenon  baaed  on  excitatioo  spectroscopy  measurements  in 
a  CaAe-Ga(Al)As  double  wall  sample  (sea  Fig. la).  W«  also  present  the  first 
Laboratoira  essocid  «u  CNRS . 


calculations  of  the  level  structure  associated  with  a  coupled  well  system  based 
on  the  envelope  function  Approach,  which  include  in  a  natural  way  band  non- 
parabolicity  and  various  boundary  condition  intricacies  at  the  interface.  Our 
calculations  indicate  that  one  of  the  four  peaks  observed  in  the  excitation 
spectrum  is  due  to  an  optical  transition  between  a  bound  electron  state  and 
a  light  hole  virtual  bound  state. 

In  the  envelope  function  approach  /3,4/,  for  zero  wavevector  in  the 
layer  plane,  the  envelope  function  fg  associated  with  cha  S  periodic  part  of 
the  Bloch  function  is  the  solution  of  a  non-parabolic  hamiltonian  of  the  Kane 
type,  in  which  the  T«f  T»  and  edges  shift  at  the  GaAa-Ca^AlgAs  interfaces 
by  tba  amounts  V$,  Vp  and  raapactively.  Following  Dingle  /l/,  we  have  used 
Vs  •  1060  x  and  Vp  *  Vfi  *  -197  X.  Bound  electron  (e)  and  hole  (h)  states  occur 
for  energies  <  Vg  and  <  Vp  raspectively .  Since  we  are  dealing  with  iden¬ 
tical  walla  (of  width  L?),  the  bound  atates  are  odd  or  even  with  respect  to 
the  midpoint  of  the  centrally  located  barrier  (of  width  h) .  For  energies  corres¬ 
ponding  to  the  continuum  spectra  (e^  >  V$  or  >  Vp)  one  searches  for  trans¬ 
mission  resonances.  The  transmission  coefficient  of  a  double  well  structure  ia 
given  by  : 

TU)  •  ♦  ;j(C-^)  ain,kuLJ|2  coak^L, cosk^h  -  sinkJL2sink^hj  }  (1) 

where  ku  and  k^  are  tha  wave vectors  and  £  ia  the  ratio  of  the  probability  cur¬ 
rents  in  the  wall  and  the  barrier.  k^  and  k^  ara  eaaily  deduced  from  the 
dlspereion  relations  of  tha  hoet  materials.  Resonances  (twice  degenerate)  occur 
for  : 

kwL,  -  pe  ,  p  integer  (2) 

coak^LjCoak^h  -  -j(C4^)  slnk^LjSlnl^h  •  0  (3) 

Aa  k^  *  0  resonances  of  the  first  kind  converge  towards  tha  even  botaid  states 
at  the  same  energy  (e#  “  Vgt  cb  ■  Vp) ,  whereas  resonances  of  tha  second  kind 
converge  in  the  same  limit  towards  the  odd  bound  atataa.  Rota  that  resonance# 
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(3)  would  correspond  to  a  tuperisttice  stats  with  wavavector  */2(L;*h)  if  the 
(LJt  h)  basis  was  infinitely  repeated.  On  the  other  hand,  the  condition  k^L,  - 
p*  is  that  obtained  for  a  single  well  structure.  Each  resonance  can  be  descri¬ 
bed  as  a  virtual  bound  state  corresponding  to  an  accumulation  of  density  pro¬ 
bability  in  the  double  well  structure.  The  present  analysis  shows  that  the 
double  well  structure  exhibits  virtual  bound  states  eithsr  clamped  on  a  single 
well  or  delocalised  over  the  whole  double  well. 

The  calculations  predict,  for  the  structure  under  investigation 
(l,  •  AS  A,  h  •  12  A,  X  ■  0. lb),  that  two  electronic  levels  and  two  heavy  hole 
levels  are  bound,  however  only  e  single  light  hole  level  (the  symmetric  one)  is 
predicted  to  occur  within  the  valence  band  barriar  (Vp  •  29.9  meV) .  The  light 
hole  resonance,  which  occurs  in  the  continuum  at  4  meV  from  Vp  is  calculated 
to  be  relatively  narrow  (S  meV) .  This  resonant  level  ia  the  continuation  of  the 
antisymmetric  (AS,)  light  hole  bound  level  after  it  has  mergad  with  tha  valence 
continuum.  Aa  the  well  width  ia  increased  (x  and  h  being  fixed),  AS,  becomes 
bound  for  L;  >  H)  A.  Figure  2  shows  the  predicted  behaviour  of  the  bound  and 
virtual  hole  statee  as  a  function  of  L;  for  tha  system  of  interest  (h  •  12  A, 
x  -  0.16).  The  calculated  level  structure  and  the  allowed  transitions  for 
ground  state  (n  •  1)  electrons  and  holes  are  shown  in  Fig. lb.  Since  the  conduc¬ 
tion  and  velenr*'  band  edges  have  opposite  parities,  electric  dipole  optical 
transition*  are  allowed  only  between  states  with  envelope  function*  having  the 
same  syMstrias  with  reepect  to  tha  midpoint  of  tha  central  barriar. 

Figure  )  shows  the  observed  excitation  and  photolialnescence  spectra 
at  2  and  40  K.  A  dye  (LD  700)  lasar,  pumped  by  the  all-iinea  (red)  output  of  a 
cw  Kr  laser,  wae  used  aa  a  tunabl*  sxcitatioo  source.  The  photolumioascance 
was  analysed  with  s  I/A  m  monochromator  and  detected  by  a  cooled  photomultiplier 
(SI  photocathode)  using  conventional  lock-in  techniques.  The  calculated  transi¬ 
tion  ensrgias  agree  well  with  the  energies  of  the  sxcitatioo  spectrum  peaks  and 
allow  the  immediate  assignment  of  a  specific  transition  to  each  peak  (are 
Figs,  lb  and  3).  Paaks  A,  B  and  C  correspond  to  transition*  be  tween  bound  elec¬ 


tron  and  bound  hols  states.  Peak  D  is  assigned  to  an  optical  transition  between 
a  light  hoi*  virtual  bound  state  (resonance)  and  the  asymmetric  electron  state. 
Ue  have  varied  the  L2  and  x  parameters  in  the  theoretical  calculations  over 
rangesgreater  than  the  growth  error  ranges  of  (AS  f.  2.S  A)  and  x  (0.16  t 
0.02)  end  we  find  that  the  light  hole  level  of  interest  remains  unbound.  The 
peek  assignments  for  tha  excitation  spectrum  were  verified  by  circular  polari¬ 
zation  measurements  of  the  photo luminescence  signal  (fixed  energy)  generated  by 
circularly  polarized  excitation  (scannmd  in  energy)  /6,7/. 

At  2  K,  the  photoluminescence  associated  with  the  coupled  wells  consists 
of  a  single  peak  (u  -  full  width  at  half  maximim  :  16  meV)  shifted  by  13  tseV 
from  the  lowest  energy  peak  (A)  of  the  excitation  spectrum.  A*  the  sample  tem¬ 
perature  is  increased  from  2  to  40  R,  a  second  line  (8)  appears  in  the  photo- 
ltaincscsnce  spsetrum  on  the  high  energy  side  of  a,  separated  from  the  latter 
by  approximately  10  meV.  8  dominates  a  in  intensity  for  temperatures  greater 
than  about  30  K.  Over  the  range  of  temperatures  studied,  the  excitation  spectra 
associated  with  paaks  a  and  R  are  identical,  confirming  that  both  peaks  are 
associated  with  Che  double  well  structure.  Circular  polarisation  measurements 
of  the  photoluminescence  indicate  that  both  a  and  6  arise  from  the  recombina- 
cion  of  electrons  with  heavy  holes. 

The  behaviour  of  the  photo luminescence  with  increasing  sample  tempera¬ 
ture  suggeets  that  one  or  both  of  the  recombining  states  responsible  for  o  can 
be  aseociated  with  a  shallow  trap  ;  the  6  luminescence  ia  than  interpreted  as 
dus  to  the  recombination  of  free  excitons.  Under  this  hypothesis,  the  appearance 
of  8  is  due  to  the  thermal  de-trapping  of  the  trapped  species.  Work  is  conti¬ 
nuing  to  tost  this  hypothesis  and  identify  the  trap  or  binding  centre  aseociatad 
with  tha  a  luminescence . 
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Figure  I  :  (a)  Schematic  illustra- 
tion  of  the  sample  structure.  The 
236  A  thick  harriers  which  separate 
individual  double  well  periods  are 
sufficiently  thick  to  prohibit  inter- 
period  tunneling.  Details  of  sample 
growth  are  presented  in  Ref./S/. 

(b)  Schematic  represen¬ 
tation  of  calculated  level  structure 
and  allowed  transitions  for  ground 
state  (n«l)  electrons  and  holes.  The 
transition  labels  A,  B,  C  and  D  refer 
to  the  excitation  spectrias  peak  as¬ 
signments  (see  Fig.i).  Symmetric  and 
antisymmetric  levels  are  labelled  S 
and  AS  respectively.  All  hole  levels 
continue  across  both  wells  -  they  are 
separated  here  simply  for  the  sake 
of  clarity.  The  hole  resonance  ia 
indicated  by  a  dashed  line. 


Figure  2  r  Calculated  energies  for 

light  hole  bound  and  resonance  states 

as  a  function  of  well  thickness  in  the 

double  well  GaAs-Gan  „.A1_  .*8s  *y*- 
•  v .  nu  u.  i  o 

tea  with  h  -  12  A.  The  hatched  hori¬ 
zontal  line  indicates  the  valence  con- 
tinuua  edge.  Bound  states  are  label¬ 
led  according  to  synetry,  S  :  symme¬ 
tric,  AS  :  antisymmetric  ;  subscripts 
indicate  n  value*.  Resonance  states 
are  labelled  according  to  type,  SL  : 
eupcrlattice  (Eq.3)  or  pi?  :  "single 
well"  (Kq.2) . 


Figure  3  :  Excitation 
(full  line)  and  photo- 
lumioeacence  (broken 
line)  spectra  of  the 
two-coupled-well  sample 
at  2  and  40  K.  The  mono¬ 
chromator  set  energies 
were  1565  aeV  and  1555 
meV  for  the  2  and  40  X 
excitation  spectra  res¬ 
pectively.  The  sharp 
rise  in  intensity  below 
peak  A  is  due  to  the 
coincidence  of  the  dye 
laser  and  monochromator 

sat  energies.  Theoretically  predictad  peak  positions  ara  indicated  by  arrows  ; 
calculated  peak  energies  are  given  in  meV.  Both  photolumineecenc*  spectra  were 
excited  with  1630  meV  light. 
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Effects  of  Electron  Heating  on  the  Tvo-DiMnilontl  Magneto transport 
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Modulation  doped  AlGaAs/GaA*  heteroetructures  are  known  to  exhibit  very 
nigh  electron  mobility  at  low  temperatures.  Hence,  thia  system  plays  an 
important  role  \n  high-speed-device  applications  aa  wall  as  In  auch  fundamental 
studies  as  quantized  Hall  effect  (QHE ) ;  this  high  mobility  feature  la  effective 
in  minimizing  the  Landau  level  broadening  and  provides  an  Idealized  condition 
for  QHE .  However,  high-mobi 1 1 ty  electrons  are  easily  accelerated  by  electric 
field  and  therefore  one  needa  to  clarify  the  effects  of  electron  heating  on 
various  transport  phenomena.  In  thia  work,  we  study  at  4.2K  both  the 
Shubr.ikov-de  Haas  '  SdH >  effect  and  QHE  at  different  current  levels  and  show  that 
even  a  weak  electric  field  t  E,-vO.  lV/cm)  heats  up  the  electrons  to  a  level 
where  the  resonant  emission  of  optical  phonons  gets  important,  and  also  that 

auch  a  heating  affects  alao  the  QHE  and  the  appropriate  choice  of  current 
level  is  important  :n  maximizing  the  Hall  voltage  plateau  width. 

V-tiaAlAa/GaAa  he teroj unctions  studied  here  were  grown  by  NBE  and  tneir 
mobilities  are  typically  70,000  cm1 /Vs  at  10K.  Figure  1  shows  one  example  of 
'dH  oscillations  solid  lines)  for  two  different  electric  flalda  E# .  If  we 
assume  that  electron  temperature  Te  la  determined  by  analysing  the  damping  of 
SdH  oscillations,  Te  la  found  to  rise  from  4.2K  to  15K  whan  the  field  E,  is 
raised  only  up  to  lV/cs.  One  notices  also  in  Flg.l  the  appearance  of  an  extra 
peak  structure  at  B-12T  when  E, la  raised  to  1.5V/cm.  This  extra  peak  can  be 
ascribed  to  the  resonant  emission  process  of  optical  phonons  Tm*be tween  the  two 
Landau  levels,  since  eurh  a  peak  appears  always  at  12T,  Irrespective  of  samples 
wth  different  mlectr<3n  concentrations.  Moreover,  its  position  (12T)  coincides 
with  the  position  of  the  second  harmonic  peak  (Tiw*  *2Tiw.)  of  the  magnatophonon 
resonance,  which  was  observed  at  higher  temperature ,  173K  (the  broken  curve  in 
Flg.l  .  It  la  noteworthy  that  auch  a  resonant  phonon  emission  occurs  even  in  the 
range  of  very  low  electron  temperature  (T**15K),  where  the  electron  mobility 
deviates  only  a  very  little  from  its  low-field  value. 

Similarly,  the  electron  heating  was  found  to  affect  dramatu  'Uy  the  QHF  as 
shown  in  Fig. 2.  Note  that  tha  plateau  width  decreases  when  the  current  level 
exceeds  ZmA/cm.  This  results  from  the  rise  of  - :ectron  temperature.  When  the 
current  level  is  set  too  low  <<30iiA/cs),  however  there  appears  on  the  edge  of 
each  plateau  a  peak -and- valley  structure,  suggesting  the  need  of  choosing  the 
optimum  current  level  for  QHE  measurement .  Although  the  origin  of  this  side 
structures  is  not  clear  at  present,  this  suggests  the  complexed  nature  of 
localization  in  this  aystam. 


**  On  lasve  from  Dept,  of  Physics,  Chalmers  Unlv.  of  Tech.,  Gdteborg.  Sweden 
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Flg.l  Electric  field  dependence  of  magnetoreslstance 
at  4.2K  (solid  curves)  and  173K  (broken  curve). 


MAGNETIC  FTELD 

Fig. 2  Electric  field  dependence  of  Quantized 
Hall  Effect  at  A.2E. 
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Abstract:  He  have  determined  the  inelastic  scattering  time  i(  fron  magneto- 

conductance  experiments  as  a  function  of  substrate  bias  at  a  constant 
Fermi  energy.  if  increases  with  small  substrate  biases  but  decreases 
at  higher  V  .  The  results  are  compared  with  the  energy  relaxation 
time  t r  as  a  function  of  substrate  bias. 

It  has  been  shown  that  the  negative  magnetoresistance  in  a  two  dimensional 
electron  system  can  well  be  explained  by  a  delocalization  of  weakly  localized 
electrons  as  described  by  a  theory  developed  by  Altshuler  et  al.  (1)  and  Hikami 
et  al.  (?)  on  the  basis  of  Anderson  localization  and  electron- electron  inter¬ 
action.  Kawaguchi  et  «1.  (3)  extracted  the  inelastic  scattering  time  t£  by 
fitting  the  theory  to  the  experimentally  observed  magnetoconductance  in  (100)* 
5i-H0SFETs.  In  this  paper  we  describe  the  results  of  an  investigation  of  the 
influence  of  a  negative  substrate  bias  on  the  magnetoconductancc  of  a  (100)-S1- 
NOSFET  at  a  constant  Fermi  energy. 

The  application  of  a  negative  substrate  bias  enhances  the  depletion  layer 
charge  and  squeezes  the  z- dependent  part  of  the  electron  wave  function.  In 
addition  the  average  distance  <z>  of  the  electrons  from  the  Interface  is  de¬ 
creased  resulting  In  a  reduced  mobility  v-  It  should  be  noted,  that  for  sub¬ 
strate  biases  VJb  up  to  -14  V  used  In  the  present  experiment  a<z>  was  not 
larger  than  0. 1  jsa  or  5  X  of  the  average  extension  of  the  wave  function.  The 
sample  under  investigation  hat  a  length  to  width  ratio  of  8  with  potential 
probes  100  um  apart.  Changes  of  the  substrate  bias  were  made  at  elevated 


temperatures  anu  were  checked  by  monitoring  the  threshold  voltage  Y^  as  de¬ 
duced  from  the  Shubnikov-deHaas  effect.  The  carrier  density  was  held  constant 
at  -  4.2*10^  cm”^  by  adjusting  the  gate  voltage.  The  source  drain  field 
was  kept  well  below  0.1  V/cm  in  order  to  avoid  carrier  heating, 
fig.  1  shows  the  magnetoconductance  at  two  different  temperatures.  The  lines 
represent  the  closest  fit  to  the  formula: 
n  ae2 

ao  *  <i(6)-o(0)  =  -  r  *(74  jff)  "  *(7+a^)  "  ln 

as  proposed  by  Hikami  et  al. 


(2).  Here  a  »  4DeB/h  * 

4gcr8 

— with  u  *  mobility, 
tp  *=  Fermi  energy,  B  -  mag¬ 
netic  field,  it  and  i  are 
the  inelastic  and  elastic 
scattering  times,  respect¬ 
ively,  *  Is  the  diagram 
function,  ny  •  2  -  valley 
degeneracy, and  a  Is  an  em¬ 
pirical  parameter  depend¬ 
ing  on  the  spin  orbit  Inter¬ 
action,  magnetic  scattering, 
intervalley  scattering  and  Coulomb  interaction.  Here  we  have  chosen  a  *  0.3. 
Although  no  perfect  agreement  between  experiment  and  theory  could  be  achieved, 
we  extracted  the  inelastic  scattering  time  This  seems  to  be  justified  be¬ 
cause  the  deviations  were  the  same  for  all  substrate  biases.  Thus  the  fitting 
procedure  should  at  least  yield  reliable  results  for  the  relative  change  of 
with  substrate  bias  as  shown  In  fig.  ?.  At  small  values  of  the  substrate  bias 
»t  Increases  s11*it1y  for  both  T  •  1.8  1!  and  4.2  K.  This  result  Is  In  agree¬ 
ment  with  that  obtained  by  dheeler  et  al.  (4)  for  higher  mobility  s»ple*.  At 
higher  substrate  biases  tc  decreases  for  T  •  1.8  K  and  Increases  for  T  ■  4.2  K. 


fig.  1 
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The  broken  line 
indicates  the 
influence  of  an 
increased  sur¬ 
face  roughness 
scattering  on 
the  elastic 
scattering  time 
t  as  deduced 
fro*  the  mobili¬ 
ty. 

In  order  to  get 
insight  in  the 
microscopic 

nature  of  rf  we  determined  the  energy  relaxation  time  rp  fro*  energy  loss  ex¬ 
periments  under  substrate  bias  at  the  same  sample.  If  the  electron  temperature 
concept  is  valid,  is  defined  by 

(2) 

where  . d'/dt»  is  the  average  energy  loss  of  an  electron  per  unit  time,  i(T)  is 
the  average  electron  energy  and  for  k^T"  we  have 

,(t)  -  -  (J) 

f>  '  F 

We  then  can  determine  ir  to  be 

•?S2  (T.-T) 

'VT)'  i 

The  determination  of  P  is  described  elsewhere  in  detail  (5).  It  should  be  noted 
that  the  T£  determination  fro*  the  Shubnlkov-deHaas  effect  yields  consistent 
results  with  the  T£  determination  from  the  negative  magnetoresi stance  effect 
under  substrate  bias. 


■In-  -t  <'iV  •  <<T»  ;  p 


In  Fig  3  we  plotted  as  a  function  ut  the  substrate  bias  for  two  different 


lattice  temperatures  T.  At 
low  substrate  biases  tr 
shows  a  considerable  in¬ 
crease  of  nearly  one  de¬ 
cade  for  T  *  1.9  K,  reach¬ 
ing  a  maximum  at  approx. 

-Q  V  and  decreasing  slight¬ 
ly  for  higher  substrate 
biases.  Fig.  A  shows  the 
slopes  of  ir  -T-r,  indi¬ 
cating  an  increase  of  r 
froa  -1.5  to  -3  at  Vsfa 
s-9  V.  For  the  substrate 
biases  at  the  maximt*  both 
Trand  r  are  in  good  agree¬ 
ment  with  the  surf  on  theoty 
Fig.  3  of  electron-phonon  scatter¬ 

ing  by  Shinba  et  al.  (6).  However,  at  zero  substrate  bias  both  tr  and  r  are  re¬ 
duced.  A  detailed  discussion  of  these  results  will  be  published  elsewhere. 

In  addition  Fig.  4  shows  the  V$b  dependence  of  the  slopes  of  x£-  T_p.  At  V$b 
«  -14  V  p  drops  to  -I,  whereas  at  V$b  *  0  V  p  •  1.5  In  agreement  with  results 
of  Kawaguchi  et  al.  (3).  This  completely  different  behaviour  of  the  tempera¬ 
ture  dependence  of  Tp  and  t  under  substrate  bias  indicates,  that  the  electron- 
phonon  interaction  is  not  the  dominating  Inelastic  scattering  mechanism  in  the 
theory  of  weak  localization  in  the  tmperature  range  of  the  present  experiments. 
The  reduction  of  p  with  increasing  negative  bias  Is,  however,  in  agreement  with 
the  concept  of  e-e- scattering  in  a  dirty  20-syst««. 
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Figure  Captions 

Fig.  1:  Magnetoconductance  of  a  (lOO)-Si-MOSFET  for  two  lattice  temperatures  T. 
The  solid  lines  represent  the  closest  fit  of  expression  (1)  with 
a  =  0.3  . 

Fig.  2:  Substrate  bias  dependence  of  the  Inelastic  scattering  time  ie  for  two 
lattice  temperatures  T  at  a  constant  Fermi  energy.  The  broken  line 
indicates  the  substrate  bias  dependence  of  the  elastic  scattering 
time  i. 

Fig.  3:  Substrate  bias  dependence  of  the  energy  relaxation  time  rr  for  two 
lattice  temperatures. 

Fig.  4:  Substrate  bias  dependence  of  the  exponents  p  in  t  -  T'p  and  r  in 

v-rr. 
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ABSTRACT 

We  report  a  first  calculate  i  of  the  binding  energy  (Eg)  of  the  ground  state 
of  hyd'oqenic  donor  associated  with  the  first  subband  In  GaAs  quantum  well 
sardoched  between  two  semi-infinite  layers  of  Ga^As^As  as  a  function  of 
the  po»c-ftiil  barrier  height  (or  rqulvalent'y  of  A1  concentration  x)  and  the 
Size  of  the  ouantum  well  in  the  presence  of  an  arbitrary  magnetic  field.  We 
assume,  for  the  sake  of  illustration,  that  the  positively  charged  impurity  ion 
is  ligated  at  the  center  of  the  well.  Furthermore,  the  applied  magnetic  fi'*ld 
Is  assumed  to  be  parallel  to  the  axis  of  growth.  Ve  follow  a  variational 
approach  in  which  the  trial  wave  function  used  4s  expanded  in  terms  of  an 
appropriate  gaussia"  basis  set.  For  a  given  value  of  x  and  a  maynetlc  field  we 
calculate  the  value  of  Eg  as  a  function  of  the  GaAs  quantum  well  size  (L). 

As  opected,  we  find  that  fnr  a  given  value  of  the  magnetic  field,  Is 

i)  8 

larger  than  its  value  In  zero  field.  It  is  known'  that  for  a  given  value 
of  x,  m  a  zerc  magnetic  fiplrf,  E0  increases  as  L  is  reduced  till  it  reaches 
a  rax  iron  value  and  then  drops  to  bulk  Ga^Al^As  value  as  L  goes  to  zero. 

In  the  r-esence  of  a  rwonetic  field  we  find  essentially  similar  behavior  except 
that  the  maximum  value  of  E^  is  larger  end  it  takes  place  at  a  smaller  value 
of  L.  The  variation  of  Eg  as  a  function  cf  L  for  different  values  of  x  and 
of  the  maqnetic  field  will  be  discussed.  Thn  relevance  of  our  results  to 
magneto-optical  and  magneto- transport  phenomena  In  quantum  well  structures  will 
be  pointed  out.  The  dependence  of  Eg  on  the  location  of  the  donor  ion  along 
the  axis  of  growth  will  be  mentioned. 

1.  Ronald  L.  Greene  and  K.  K.  Baja j.  Solid  State  Coamun.  45,  625(2963) 
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OPTICAL  STUDIES  OP  SEMICONDUCTOR  SUPERLATTICES 

Paul  Voisin 

Croup*  d#  Physique  des  Solid?*  d*  I'Ecol*  Normal*  Sup*ri*ure 
24  rue  Lhomond ,  7S2M  Pari*  Cede  »  OS,  Prance 

Abstract 

w*  review  hare  acme  of  th#  anal  striking  optical  properties  (basically 
absorption  and  luminescence)  of  both  Type  I  and  Type  II  *uper lattice*  built  up 
from  III  — V  semiconductor  compound*. 

I  -  I NT RO DUCT I OH 

Though  super  lattice*  (SL)  were  at  first  conceived  U)  froa  tha  point  of 
view  of  their  transport  properties  along  the  growth  axis,  aoat  of  the  interest 
ha*  up  to  n<M  been  focused  on  their  optical  properties  and  on  the  quasi-tvo 
dimensional  transport  in  the  layer*  plane.  In  thi*  paper,  we  shall  review  some 
of  the  most  striking  result*  obtained  in  studying  the  fundamental  optical  pro¬ 
perties  exhibited  by  undoped  binary  super  lattices  built  up  froa  III — V  compounds 
These  structures  consist  in  a  periodic  stalking  of  very  thin  alternate  layers 
of  two  different  -  but  closely  latt ice-aatched  -  semiconductors  A,  B.  The  rea¬ 
lisation  of  such  modulated  structures  with  extremely  sharp  interfaces  (having, 
tdeely,  a  compositional  discontinuity  over  one  monolayer),  has  at  first  been 
ellowed  by  the  development  of  Molecular  Beam  Epitaxy  (MBE)  (2),  but  it  ia  now 
established  that  near-ataoapher ic  pressure  epitaxy  by  Metal  Organic  Chamical 
Vapor  Deposition  (MOCVD)  can  also  be  used  (3).  In  the  x,  y  directions  of  the 
layers  plane,  the  periodicity  is  a,  tha  lattice  parameter  of  A  and  B,  while 
along  tha  growth  (x)  axis,  tha  period  ie  the  sum  d  •  L^  ♦  of  the  A  and  B 
layers  thicknesses.  Thus  tha  SL  Brillouin  tone  has  a  "normal”  extension  ?*/a 


in  the  x,  y  directions  and  a  much  smeller  extension  2x/d  in  the  z  direction. 

The  potential  in  the  auparlattica  la  tha  sum  of  the  potential*  in  the  A  and  B 
materials  and  of  a  square  wave  shaped  superpotential  which  arises  froa  the 
electron  affinity  and  bandgap  difference  between  A  and  B.  tor  the  conduction 
band  for  example,  the  layers  of  one  material  -  say  A  -  form  a  aeries  of  square 
shape  potential  wells  which  confine  the  conduction  states.  The  quantised  confi¬ 
nement  energies  are  of  the  order  of  : 

*■  -  Cl) 

To  each  of  these  quantised  levels  corresponds  a  two  dimensional  density  of  states 
m*/xH2 .  The  associated  wave  functions  are  mainly  localized  in  th*  A  layers, 
with  avaneacent  wings  in  th*  adjacent  B  layers.  These  potential  walls  are  sepa¬ 
rated  by  the  potential  barriers  formed  by  tha  layers  of  th*  B  material.  Tunne¬ 
ling  of  electrons  through  these  potential  barriers  leads  to  the  formation  of 
subheads  having  small  but  finite  widths,  which  are  the  SL  conduction  banda. 

Thua,  super latt ices  present  a  duality  of  aspects,  the  quantum  well  aapect  with 
its  associated  notions  of  quantized  confinement  energies,  two  dimensional 
densities  of  states  and  wav*  functions  localisation,  and  the  superlattice 
aspect,  with  the  strong  anisotropy  of  the  Brillouin  zone  and  Che  resulting 
smallness  of  the  bandwidth*  in  the  z  direction.  Aa  for  the  superpotential 
associated  with  the  valance  band,  th*  effective  mass  dependence  in  Eq.(l) 
shows  that  the  degeneracy  of  the  host  T ,  valence  band  is  lifted  in  th*  SL,  the 
heavy  hole  states  having  smaller  confinement  energies  than  the  light  hoi*  sta¬ 
tes.  Indeed,  a  more  careful  analysis  (4)  shows  that  the  |3/2,*3/2>  (heavy  holes) 
and  |3/2,»J/2>  (light  holes)  states  are  atrictly  uncoupled  at  kx  -  (k^.k^)  •  0. 
This  is  no  longer  true  for  finite  kx.  To  our  knowledge,  th*  problem  of  th*  ade¬ 
quate  hole  masses  with  respect  to  the  in-layer  motion  is  actually  not  fully 
resolved,  at  least  from  th*  experimental  point  of  view.  Also,  it  ia  clear  chat 
two  SL  configurations  may  occur ,  as  illustrated  In  Pig.l  : 

(i)  Either  tha  successive  layers  of  tha  same  material  (say  A)  are 
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qujiUua  wells  lor  both  conduction  and  valance  states.  Thia  situation  (Type  I 
Si's)  i •  art  in  the  Al^t.a^  As/CeAs  system,  by  far  the  aoat  studied,  in  a  type 

I  SL,  both  the  electron  and  hole  wave  (unctions  are  localized  in  the  A  layers. 

(ill  Or  the  layers  of  the  A  aster ial  confine  the  conduction  band  states 
white  those  of  the  B  aaterial  confine  the  valence  band  states.  InAs/CaSb  SL't 
belong  to  this  second  category  (Type  II  Si's).  In  such  a  structure,  the  else* 
t i on  and  hole  wave  functions  are  spatially  separated. 

lip  to  now,  aoat  of  the  optical  studies  in  type  l  systems  have  been  per¬ 
formed  on  "mult i -quantum  well"  (NQW)  structures  for  which  the  super  lattice 
aspect  is  of  secondary  importance.  On  the  other  hand,  InAa/GaSb  super  lattices 
generally  display  conduction  subband  widths  of  a  few  tens  of  seV,  and  they 
present  some  three  dimensional  character. 

In  the  nest  section,  we  compare  the  selection  rules  or  interband  tran¬ 
sitions  in  Type  I  and  Typ,  H  SL's,  as  obtainad  (5)  in  the  envelope  function 
description  of  these  structures.  Then  we  examine  the  informations  obtained  from 
optical  absorption  and  excitation  spectroscopy  (section  III)  sod  the  results  ot 
luminescence  studies  ( section  IV)  in  both  types.  Some  other  experiments  are 
reviewed  in  section  V. 

II  -  OPTICAL  SELECTION  BULBS  IN  THE  ENVELOPE  FUNCTION  APPBOXINATIOM 

Consider  two  consecutive  A,  B  layers,  and  let  P^,  P^  be  the  planes  bis- 
setting  the  A,  B  layers.  The  product  of  two  refactions  ^  and  with 

respect  to  PA  and  P#  respectively  is  equal  to  a  translation  of  the  SL  period 
d  •  l-A  *  Ij.  We  are  dealing  with  direct  bend  gep  Itl-V  compounds  end  we  eeeume 
that  only  the  usual  I\,  V,  and  T(  host  hand  edges  contribute  significantly  to 
the  SL  wave  functions.  In  the  envelope  function  scheme,  the  SL  wave functions 
associated  with  the  conduction  («)  or  valence  (h)  subbaade  of  index  a  are 
written  as  : 


_  i 

A  v-l 


•w.«.kL 


(f) 


<2) 


r  and  k.^  are  two-dimanaional  vectors  in  the  layer  planet  of  area  S,  and  q  is 
the  SL  wave  vector  in  the  z  direction.  U  is  the  periodic  part  of  the  v/*1 
host  Bloch  function  and  f  is  the  associated  envelope  function,  which  is  slowly 
varying  at  the  scale  of  a.  f  is  solution  of  a  Ixl  effective  haniltonian  H  . 

Rg  and  commute  with  but  not  with  each  other.  Wc  have  * 

(tj-  I)!*',  l*A,Tg)  •  end  (Rg.lj)  ■  (I  -  t*)»  .  In  the  Bloch  represen¬ 

tation,  the  f  'a  ere  eigenfunctions  of  H,  and  t  ,  with  eigenvalues  e*,h  and 
\>  u  d  ”  n,q 

e1^,  respectively.  At  q  ■  0  and  q  "  x/d,  all  these  coanutators  vanish,  and  we 
can  choose  the  Bloch  envelope  functions  as  eigenfunctions  of  «A  and  R^.  The 
eigenvalues  are  t  I,  corresponding  to  wave  functiona  which  are  even  or  odd  with 
respect  to  PA,  PB-  Now,  the  relation  RRBAfv  ^  ^  shows  that  the  parity 

with  respect  to  the  centers  of  one  type  of  layers  must  be  the  same  it  q  •  0  and 
q  -  n/d,  while  the  parity  with  respect  to  the  centers  of  the  other  type  of 
layers  must  be  opposite  at  q  -  0  and  q  -  x/d.  Thia  ia  easily  seen  in  Table  1. 

For  an  electromagnetic  wave  propagating  parallel  to  the  SL  axle,  tha  interband 
matrix  element  M  becomes,  in  this  effective  mass  treatment,  proportional  to 
a  sum  of  i>vVi  optical  matrix  elements  between  the  quickly  varying  functiona  Uy 
multiplied  by  the  overlap  integrals  between  the  alowly  varying  envelope  func¬ 
tions  : 


.'"•V  *  l.  p  .  J 


^qk/v’rnqk^ 


O) 


where  we  have  made  use  of  tha  wave  vector  conservation  for  interband  tranaitione 
in  any  perfect  solid.  For  transitions  between  the  few  low-lying  aubbands,  and 
aa  long  as  non-parabolic ity  affecta  are  not  dramatic,  only  v  H  conduction 
(S-like)  and  v’  5  valence  (P-like)  coma  Into  play.  For  a  heavy  bole  to  conduc¬ 
tion  subband  craneitioo,  Pw>  ia  then  proportional  to  <Sjpx|l>»  while  for 
transitions  from  e  light  hola  subband,  p^,  will  ba  /3  smaller. 

For  type  I  systems,  we  eeeume  that  f*  ^  and  f*  ^  retain  the  tame  syw 
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naviry  with  rrspcct  t>  at  both  q  •  0  and  q  *  n/d-  Then,  if  the  tran- 

( ion  is  parity-allowed  at  q  •  0  (n-m  even),  it  will  remain  parity  allowed  at 
*  */ d.  aa  illustrated  in  Fig. 1(a)  for  the  ground  wave  function  caae  n  •  a  -  1. 


parity  with  respect  to  P  (reap.  P  )  at  both  q  •  0  i 


q  "  ii/d.  If  the 


transition  i»  parity  allowed  at  q  •  0  (say  that  f*  and  f  ara  even  with 
respect  to  P  ,  like  in  Fig. I (b)>,  then  this  transition  becomes  parity  forbidden 


to  PA  whereas  ^  becomes  odd  with  respect  to  the  same  plane.  More  generally, 
we  find  that  in  tvpe  1  SL's,  M^lq.k  )  almost  does  not  depend  on  (k  ,q) ,  is 
parity-forbidden  if  n-m  is  odd,  and  parit y-al lowed  if  n-m  is  even,  the  n  -  ■ 
transitions  being  by  far  the  moat  intense.  In  type  II  SL's,  the  interband  matrix 
element  depends  strongly  on  q.  The  transitions  which  are  parity-allowed  et 
q  •  0  (n-«  event  become  per i ty-forbidden  at  q  -  */d,  and  vice-versa.  In  a  wide 
range  ,t  practical  situations,  we  find  : 


mq,kt).-  •  j|H(0,k^) , 1 <  l*(-l)n~*  cos  qd) 


(4) 


Note  that  transitions  with  n-m  •  0  or  n-m  #  0  will  a  priori  have  comparable 
strengtha,  always  small  compared  to  that  of  i  a  •  i  transition  in  a  type  I  $(.. 
finally,  in  the  ceae  of  type  11  SL's,  the  selection  rule  rellee  basically  on 

the  phaae  coherence  of  at  least  one  the  Bloch  envelope  functions  f  ,  f.,  and 

a  n 

thus  could  be  relaxed  if  both  the  conduction  and  valence  subbend  widths  become 
similar  then  their  scattering  induced  broadening.  On  the  opposite,  the  selec¬ 
tion  rules  for  type  I  systems  are  essentially  those  of  the  isolated  quantum 
well. 


Ill  OPTICAL  ABSOKfTIO*  AND  EXCITATION  SPECThOSCOPT 

One  of  the  most  striking  rvideace  of  the  quant i set  ion  of  the  energy 
levels  in  A^Ca^^Ae/CaAe  Nqw's  was  obtained  from  optical  absorption  measure¬ 
ments  (6,7).  The  transmission  spectra  exhibit  a  series  of  sharp  excitom  peaks 


separated  by  absorption  plateaus  characteristic  of  the  constent  two-dimensional 

density  of  states  (see  Pig. 2).  for  very  Chin  (<  200  A)  layers,  the  first  exei- 

ton  peak  is  clearly  aplitted,  which  results  from  the  difference  between  the 

heavy  and  light  hole  confinement  energies.  From  fits  of  such  data,  the  offsets 

of  the  hosts  bands  AC  and  AL  were  determined  as  AE  •  0.85  AE  and  AE  • 
c  v  c  g  v 

0.15  AE  ,  where  AE  ia  the  difference  between  the  band  gaps  of  Al  Gs.  As  and 
•  «  *  «-* 

CaAs  (AEg  •  374  meV  for  x  •  0.3).  The  small  value  of  AEy  is  consistent  with 
the  prediction  from  the  comon  anion  argument  (8).  However,  in  the  absence  of 
a  careful  treatment  of  the  heavy  and  light  hole  exciton,  the  accuracy  of  this 
determination  is  perhaps  questionable.  In  particular,  from  the  assignment  of 
2S  exciton*  absorption,  Hillar  ct  al  (9)  have  recently  concluded  that  the 
"light”  hole  exciton  should  have  a  slightly  larger  finding  energy  than  the 
"heavy"  hole  exciton.  Finally,  the  reported  figures  for  the  absorption  coeffi¬ 
cients  (6)  are  in  qualitative  agreement  with  the  calculated  values  (see  below). 
Moreover,  the  parity  selection  rule  (section  II)  seems  fully  obeyed  since  weak 
An  -  2  and  no  symmetry  forbidden  transitions  are  observed.  Similar  informations 
on  the  shape  of  the  absorption  coefficient  ere  obtained  from  excitation  spec¬ 
troscopy.  This  technique  was  ueed  (10)  to  determine  the  origin  of  the  excltonic 
absorption  linewidth.  From  their  data,  Ueisbuch  et  al  (10)  coocludad  that  Chie 
linewidth  is  governed  by  intralayer  thickness  fluctuations  which  appear  to  be 
essentially  one  monolayer  in  height  and  a  few  hundreds  of  A  in  lateral  site. 

Optical  absorption  measurements  were  also  performed  in  inAs/GaSb  super- 
let  ticee  grown  by  HU  (11,12).  The  very  small  absorption  coefficients  and  the 
spectral  position  of  the  absorption  edges  clearly  revealed  the  type  II  nature 
of  these  SL's  end  also  the  very  original  relative  positioo  of  the  hosts  bead 
edges.  Indeed,  the  interpretetion  of  the  date  shown  ia  Fig. 3  implies  that 
the  InAt  conduction  bend  lies  about  ISO  meV  below  the  top  of  the  CaSb  valence 
bead,  ee  predicted  from  the  comparison  of  the  electron  affinities.  Two  major 
consequences  result  from  this  situation  :  (i)  the  InAs  r»  conduction  band 
always  strongly  interact  with  the  CaSb  Ta  light  bole  band,  which  is  the  very 
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reason  (or  (hr  "large"  bandwidth*  in  these  St’e.  (it)  The  SL  band  gap  (defined 
as  the  energy  difference  between  the  first  conduction  (Si)  and  heavy  hole  (HHi  ) 
subbands),  which  decreases  with  increasing  layers  thicknesses,  reaches  actually 
negative  values  when  the  turn  of  the  electron  and  heavy  hole  confinesMnt  ener¬ 
gies  become  smaller  Chan  ISO  me V .  which  is  the  esse  for  periodicities  larger 
than  ISO  A  and  equal  layer  thickneaaea.  The  extrapolation  of  interband  smgne- 
(ooptice!  tr*n$iiiont  towards  negative  energies  f 1 3—  J  5)  gave  direct  evidence 
of  this  configuration  (Fig. a).  The  absorption  spectra  of  semiconducting  InAa/ 
uaFb  SL'*  el.fwn  (12)  in  Fig. 3  exhibit  step-like  structuree  which  are  attribu¬ 
ted  to  transitions  between  the  various  valence  and  conduction  aubbanda.  In 
agreement  with  the  selection  rulaa  of  section  11,  transitions  with  in  •  0  or 
;.n  t  i.'t  and  An  even  or  odd  present  equivalent  strengths.  Note  also  that  the 
reported  absorption  coefficients  are  in  good  agreement  with  detailed  calcula¬ 
tions  < l S*.  The  absence  of  exciton  peaks  in  these  spectra  should  not  be  regar¬ 
ded  as  an  indication  nf  poor  sample  quality.  In  fact,  no  excitonic  effect 
should  be  expected  in  th  se  structures,  as  the  spatial  separation  of  the  car¬ 
riers  in  a  type  II  SL  results  in  a  drastic  reduction  of  the  binding  energy  of 
an  electron-hole  pair  (16). 

More  recently,  it  was  found  that  SL'a  with  good  crystalline  quality 
can  be  grown  from  host  materials  with  a  rather  important  lattice  mismatch 
( Aa/a  of  a  few  percents)  (17-19).  Photocurrent  spectroscopy  was  used  to  deter¬ 
mine  the  energy  gap  of  various  atrained  layers  SL's  ()b,l9),  but  the  reported 
data  'an  hardly  establish  the  two-dimensional  character  of  these  structures. 

Ue  have  investigated  the  optical  absorption  at  tow  temperature  in  KBE  grown 
CaSb/AlSb  HQW’s  (20)  where  (  >/*  “  0.65  X.  These  structures  (21)  consist  of 
thin  (W  to  20C  A)  GeSb  layers  separated  by  thick  (500  to  1000  A)  AlSb  barriers. 
The  transmission  spectra  shown  in  Fij.'t  exhibit  the  atep  like  behaviour  charac¬ 
teristic  of  a  two  dimensional  density  >f  states,  and  from  the  series  of  absorp¬ 
tion  stsps ,  it  is  clear  that  the  involved  conduction  band  states  are  those 
associated  with  quantised  electron  states  in  the  CaSb  layers.  The  intriguing 


feature  is  that  the  absorption  edges  arc  observed  at  energies  significant ly 
smaller  than  those  expected  for  simple  CaSb  quantum  wells.  However,  the  type  1 
nature  of  this  system  is  definitely  established  by  the  consideration  of  the 
order  of  magnitude  of  the  ebaorption  coeff icienta.  For  transitions  between  a 
heavy  hole  (HH^)  and  a  conduction  (E^)  states,  the  band  to  band  absorption 
coefficient  on  the  two-dimensional  plateau  reads  (5)  : 

i 

2  I  • 

K..(hv)  - - £ -  u  p?  -JJ.  y(hv  -  E.  -  HB.  -  E  )  (5) 

l)  4xtaE^.0g*cv  d  J  1  * 

where  hv  is  the  photon  enargy,  and  g  the  electron-hole  reduced  mass  wiLh  res¬ 
pect  to  the  in-lay. r  motion.  P  is  the  Kane  matrix  element,  whose  value  is 
2P2/a0  *  23  eV.  K.  is  the  electron-hole  wave  functions  overlap  which,  to  a 
good  approximation,  is  simply  in  the  type  1  case,  and  has  much  smaller 
values  in  the  type  II  case.  Eg  is  the  energy  difference  between  Che  relevant 
band  edges,  from  which  the  confinement  energies  and  HH^  are  measured.  The 
numerical  estimates  of  Eq. (5)  in  the  type  1  scheme  together  with  the  computa¬ 
tion  of  the  energy  levels  of  the  system  {*)  leads  to  an  acceptable  fit  to  our 
data,  provided  an  effective  bandgap  E*{*  about  50  meV  smaller  than  that  of  bulk 
CaSb  it  introduced.  This  effect  is  interpreted  by  considering  that  the  0.65  Z 
lattice  mismatch  is  mostly  accommodated  by  straining  the  thin  CaSb  layers,  which 
stretch  in  the  layer  plane  directions  to  conform  with  the  thick  AlSb  layer 
lattice.  Estimate  of  the  bandgap  shrinkage  due  to  this  biaxial  teosil  stress 

gives  50  meV,  which  compares  favorably  with  the  observed  E^*S^  -  E* 

S  t 
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IV  -  LUMINESCENCE 

The  luminescence  of  bulk  GaAs  is  dominated  by  impurity  effects,  even 
for  impurity  concentrations  below  10*  ’em"’.  In  sharp  contraat,  the  luminescence 
from  CaAs/Al^Ca^  MQW’s  usually  present  only  one  dominating  line,  eventually 
accompanied  by  a  low  enargy  tail  and  various  small  structures  (7)  (Fig. 2).  The 
line  widths  art  often  rather  large  (  >  10  meV)  and  essentially  sample  dependant. 
This  description  rules  for  the  luminescence  emitted  along  a.  To  our  knowledge. 
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no  systematic  r  npsrison  of  the  luminescences  emitted  along  z  and  perpendicular 
to  i  has  been  carried  out  1 f  ough  they  should  -  and  i  ndeed  seem  to  be  (  22  ,2  3)  -  different 
Strong  arguments  have  been  preaented  (7),  which  support  the  interpretat ion  of 
this  main  luminescence  line  in  terms  of  intrinaic  free  excitona  recombination 
inhomogeneous  1 v  broadened  by  intralayer  thickness  fluctuations.  Recent  pico¬ 
second  spectroscopy  measurements  (24)  have  brought  further  confirmation  of  this 
interpretation.  The  shoulder  on  the  high  energy  side  of  the  main  peak  (Pig. 2) 
is  attributed  (7)  to  the  recombination  of  light  hole  excitona.  Recently,  the 
low  energy  part  of  equivalent  spectra  vae  interpreted  by  Millar  et  al  (25)  in 
terms  of  conduction  band-acceptor  recombination.  The  problem  of  a  coulombic 
center  in  a  quant  urn  well  was  studied  theoretically  by  Bastard  (26)  for  infinite 
depth  wells.  The  effect  of  finite  depth,  which  was  included  in  recent  studies 
(27,28),  does  not  alter  significantly  the  practical  conclusions  of  Ref. 26  for 
acceptors.  A  systematic  search  for  inpuritv  effects  has  6een  repot  tad  6y  Killmr 
et  al  <25l,  who  concluded  to  a  good  agreement  with  iaatard's  calculations. 
Somewhat  different  spectra  reported  by  Lambert  et  al  (29)  also  show  a  close 
agreement  with  this  theory. 

The  temperature  dependence  of  the  luminescence  spectrum  of  a  27  A/ 

44  A  semiconductor  InAs/CeSb  S(  is  shown  in  Pig. 6.  The  luminescence  consists 
of  a  main  line  accompanied  by  a  lew  energy  tail  which  tends  to  saturate  with 
increasing  esLitstion  level  (I5,)0).  The  high  energy  side  of  thie  line  reflects 
the  increasing  carrier  temperature  aa  the  lattice  temperature  ia  increased. 

The  position  of  the  line  at  low  temperature  is  in  close  agreement  with  the 
calculated  bend  gap.  All  these  observations  support  the  interpretation  in  terms 
of  bend  to  band  recombination,  further  confirmation  is  obtained  from  the  ana* 
l/si«  of  the  lineahapes  (15).  The  fit  of  the  T  -  900  K  data  ia  shown  in  Fig. 7(a). 
The  theoretical  lineshape  is  rather  sensitive  to  the  conduction  bend  width 
£E,  as  well  as  to  the  influence  of  the  interband  optical  matrix  element,  as 
■hown  in  Fig. 7(b).  From  the  fit  we  deduct  AE|  •  60  t  15  aaV,  In  close  agree¬ 
ment  with  the  calculated  value.  The  effective  carrier  te^erature  of  970  K 


should  be  regarded  as  indicative  only,  since  non-parabol icity  was  not  included 
in  the  lineshape  calculations.  At  low  temperatures,  the  fits  (15)  clearly  ex¬ 
hibit  a  hot  electron  effect,  as  often  observed  in  small  gap  materials,  especial¬ 
ly  when  the  excitation  anergy  is  far  above  the  bend  gap,  which  was  actually 
the  case.  In  our  experinents,  the  effective  carrier  tenperature  is  foind  to  be 
in  the  range  of  50  K  end  to  increase  slightly  with  the  excitation  level.  At  low 
excitation,  a  low  energy  ceil  develops  and  et  intermediate  temperature*  forme 
sometimes  s  distinct  shoulder  et  -\.  35  meV  below  the  band  gap.  In  our  system, 
the  acceptors  in  the  p-type  CeSb  layers  (N^  -  N^  %  10* ‘cm-* )  ere  expected  to 
give  an  energy  bend  extending  from  16  to  92  meV  above  HH,  (26,90)  while  two 
monolayers  fluctuations  of  the  InAs  layers  thickness  should  give  rise  to  e  con¬ 
tinuum  of  states  extending  up  to  40  meV  below  E,  (4).  Donors  in  the  InAs  layers 
(which  era  n-type)  end  GaSb  layers  fluctuations  would  give  bound  levels  with 
binding  energies  of  ^  4  meV  and  ^  6  meV,  respectively.  No  attempt  waa  made  to 
fit  the  low  energy  pert  of  the  spectra  since  such  a  work  requires  extansive 
information  on  the  densities  of  states,  optical  matrix  elements,  etc...,  which 
are  not  experimentally  available. 

Varioue  date  on  the  luminescence  of  CaSb/AlSb  superlattices  have  been 
reported  (31,92).  In  recent  investigations  of  high  quality  samples,  we  observed 
et  low  temperature  e  luminescence  line  centered  30  to  40  meV  below  the  exciton 
peak  seen  In  absorption.  Its  width  (20  to  40  meV)  increases  with  decreasing 
CeSb  layer  thicknesses.  Luminescence  is  likely  to  arise  from  conduction  bend  to 
acceptor  recombination,  this  interpretation  being  consistent  with  the  p-type 
(*A  -  Up  ^  a  few  10* *cn”*)  nature  of  the  layera. 

V  -  OTHER  STUDIES 

Numerous  studies  of  othar  optical  propartias  of  SL'a  or  HQU's  have  been 
reported,  which  cannot  ba  extensively  discussed  here.  The  early  study  of  tha 
wavelength  dependence  of  the  intensity  of  resonant  Raman  scattering  by  L0 
phonons  in  Cede  NQU's  (33)  have  provided  information  on  tha  two-dimensional 
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density  of  state*  and  level  quantitation.  Resonant  intUitic  light  scattering 
techniques  have  bean  attentively  used  to  determine  both  tingle  particle  end 
collective  etc  nation#  in  aodulation  doped  CaSa/Al^Ga ( _^A«  MQW’t  (34).  Various 
effects  of  an  external  electric  field  on  the  optical  properties  of  GeAa/Al^ 

HQW’s  have  been  reported.  Mendea  et  al  (33)  have  observed  e  red  shift 
and  a  strong  quenching  of  the  luminescence  when  an  electric  field  of  a  few 
10*V  cm*'  it  applied  parallel  Co  a.  The  firet  effect  i a  qualitatively  under* 
stood  while  the  other  does  not  tecs  to  be  explained.  Recently,  Chcala  et  al 
Ob)  have  reported  a  -  10  seV  red  shift  of  the  300  R  excitonic  absorption  when 
an  electric  field  <-  1.6  10  V  cn"‘ )  is  applied  in  the  layer  plane,  which  is 
attributed  to  a  Stark  excitonic  effect. 

Cone  1  uni on 

The  study  of  the  optical  properties  (basically  absorption  and  Imiact- 
cence)  of  various  SL  systems  have  certainly  brought  the  most  precise  informa- 
tion  on  their  electronic  properties,  which  present  indeed  a  variety  of  original 
phenomena.  However,  despite  the  considerable  number  of  works  devoted  to  optical 
studies  of  super  lattices,  som  fundamental  questions  are  still  unresolved.  Among 
them,  we  will  quote  the  considerable  enhancement  of  iotrineic  recombination  ia 
CaAe/Al^Ca^As  HQU’s  with  respect  to  bulk  materials  and  the  problem  of  the 
valence  band  dispersion  relations  in  the  layer  plane.  It  ia  therefore  clear 
that  additional  optical  investigations  would  certainly  be  helpful. 
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Abstract 

The  many-band  envelope-  funrt  ion  approximation  to  the  barid 
structure  of  semi  conduct  or  super  lat  t  ices  >a  extended  to  in¬ 
clude  an  external  magnetic  field  perpendicular  to  the  layers, 
the  landau  level  structure  for  InAs-Ce'ib  superlatt  ices  ia 
i<*cuted,  with  empha? is  o«<  the  "stai»e  t  a  1 1  it "  range  of  layer 
thi'xnes  et=.  the  landau  levels  display  striking  deviations 
from  linear  behawicr  as  function  of  the  field.  The  theoreti¬ 
cal  results  compare  favourably  with  magne t o- opt i cal  experi¬ 
ments  : n  the  far  infrared. 

There  has  teen  lucti  interest  on  the  electronic  proper¬ 
ties  of  type-11  semi  conductor  superlet t ices,  like  JnAs-CaSb. 
experiments  11*2]  indicate  a  semimetallic  state  for  periods 
d>dc-10O  A,  when  the  lowest  conduct  ion- 1  ike  subband  sinks 
•♦.rough  the  highest  heav  v-hole- 1  ike  subband.  However,  calcu¬ 
lations  m  the  mary-bsnd  enve lope- funit ion  approximation 
predict  small  hybridization  gaps  (1-10  meV)  throughout  the 
(Trlllouin  zone,  therefore  ascribing  the  observed  semimetal¬ 
lic  behavior  to  extrinsic  effects  [33- 

Host  information  about  these  systems  comes  from  magneto¬ 
optical  experiments  [2,a].  In  ordet  to  compare  these  expe¬ 


riments  with  theory,  however,  it  is  necessary  to  calculate 
the  landau  levels  in  detail.  In  fact,  it.  becomes  clear  by 
considering  a  simple  model  of  two  cuupled  bands  with  opposite 
rurvature,  that  the  hybridized  bands  are  strongly  non-para¬ 
bolic,  and  therefore  that  a  f ree-el ect ron- 1 j ke  linear  beha¬ 
vior  of  the  landau  levels  in  the  magnetic  field  cannot  be 
expected.  Consider  indeed  the  band  structure  given  for  k 
in  the  ( x ,  y )  plane  by  the  following  matrix 
f  A/2  -  ok2  P(k.  ♦  iky ) 

1,2 


H  (k)  x 


(1) 


P(kx-iky)  -  A/2  ♦  Bk 

in  which  a  hole-like  band  is  an  energy  A  above  a  conduction- 
like  one,  the  two  being  coupled  by  a  k.p  term  with  matrix 
element  P.  Adding  a  field  B  in  the  z  direction,  one  obtains 
solutions  in  terms  of  harmonic  oscillator  eigenfunctions 
of  the  form  1^  *,herB  ci  ~  0  fnr  n  -  0  *nd  c|  • 

Cj  *  0  for  n  =  1,2...  .  The  eigenvalues  as  function  of  the 
field  sre  sketched  in  Tig.  1.  The  band  coupling  introduces 
strong  deviations  from  linearity  for  all  landeu  levels  except 
the  n  =  0,  which  is  purely  hole-like.  This  simple  model 
provides  good  qualitative  insight  for  the  realistic  calcula¬ 
tions  described  in  the  following. 

We  represent  each  constituent  with  a  six-band  model, 
i.e.  the  spin-up  and  spin-down  s-like  conduc t ion-band ,  and 
the  fourfold  j  s  3/2  valence-band  set  split  into  heavy- 
hola  and  light-hole  bands  at  k  t  0.  Ihe  split-off  J  =  l/Z 
bands  are  not  explicitly  included,  but  their  contribution 
to  conduction  band  mass  and  g-factor  is  introduced,  follo¬ 
wing  Both  «t  ml.  [5],  We  modify  tbt  method  of  Ref.  [J],  '0 
include  an  external  magnetic  field  along  2,  the  growth 
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hub  of  the  »upe  r  1  at  1 i  ct .  This  is  achieved  by  (a)  replacing 
?  by  ?  -  (e/c)  A  in  the  Hn»i 1 1 on  1  an  of  each  constituent; 

(bi  adding  a  api n-dependcnt  term  to  the  conducting  band 
diHqor.nl  elements,  which  become : 

\r  *  lc*2^<r-(*/c),)2*7=F«‘?-S  <2> 

•here  ^ 

1/m*  s  ll/ni  (U - 2S - ),  g*  r  2~  (5) 

3m(tc-Cv*A)  m* 

and  6  is  the  spin-orbit  splitting;  (c)  introducing  the 
additional  valence-band  terms  proportional  to  the  parameter 
a,  as  shown  by  tuttinger  [6]  (the  other  parameter  q  is  very 
small  and  m  neglected).  It  ie  then  no  longer  possible  to 
decouple  the  6x6  system  into  "spin-up"  and  "spin-down" 
levels,  furthermur  ine  new  k-dependent  terms  (step  (a)  mo¬ 
dify  the  current  operator  and  therefore  the  boundary  condi¬ 
tions  at  the  interfaces  l)].  The  motion  parallel  to  the 
layers  is  described  by  a  a i x -component  eigenvector: 

’n  *  (cl»n'c2!“n.I'c-®„.rc«»r..l’c5»n'c6»n.2>  <*> 

with  n  :  -2,  '1,  0,  1,  ...  and  vanishing  coefficients  for 
n  <  i  for  components  with  negative  oscillator  index. 

Numerical  calculations  for  InAs-GeSb  were  performed 
using  the  band  parameters  obta.Nned  in  Ref.  (7-8}  by  bulk 
experiments,  and  an  energy  at  ,-p  of  0.150  eV  between  the 
bottom  of  the  InAs  conduction  band  and  the  top  of  the  CaSb 
valence  band  (  1 1  -  The  results  presented  here  are  obtained 
in  the  flat-bund  approximation.  In  fig.  2,  we  compare  the 
computed  cyclotron  resonance  transition  energy  of  an  n- 
typa  semiconducting  superlattice  with  <*jnAa  =  65  A, 

542 


d_  r.  s  BO  A  with  experiment  (  2] .  The  good  agreement  could 
babb 

not  be  obtained  without  the  split-off  band  correction  to  the 
electron  mass,  Fq.  (3). 

Turning  to  d  >  160  A  super  lattices ,  we  show  in  fig. 3 

•  • 

the  landau  levels  of  a  d.  ...  =  120  A,  d,.  *  80  A  super- 

inAs  GaSb 

lattice  at  the  zone  center  (k^  a  0)  and  at  the  zone  boundary 
( k ^  s  n/d).  Notice  the  qualitative  similarity  to  the  simple 
model  of  Fig.  1  for  c  0,  and  the  prominent  deviations  from 
the  linear  behavior  of  the  Landau  levels  previously  assumed 
to  interpret  the  magneto-optical  spectrum  of  this  eystem[A). 

In  Fig.  A  we  compare  the  computed  transition  energies, 
compatible  with  the  selection  rule  An  s  £  1«  Ak^  =  0,  and 
with  a  fermi-level  position  corresponding  to  a  alight  n- 
type  doping,  with  experiments  [A]  for  the  same  super  lattice. 
The  agreement  is  quite  good,  in  view  of  the  absence  of  ad¬ 
justable  parameters  and  or  the  flat-band  approximation. 

Notice  that  the  theory  accounts  for  the  deviation  from  line¬ 
arity  of  the  traneition  beginning  Just  above  6T,  and  that 
transitions  between  high  n  Landau  levels  tend  to  fall  on 
top  of  one  another  in  the  low  B  region,  to  form  the  strong 
transition  indicated  es  electron  cyclotron  resonance  in 
Ref.  (A}.  The  experimental  points  in  the  low  B,  high  E  re¬ 
gion  correspond  in  our  picture  to  transitions  across  the 
gap  visible  in  rig.  3  (a),  which  is  particularly  sensitive 
to  the  flat-band  approximation. 

In  conclusion,  the  agreement  is  encouraging  and  pro¬ 
vides  support  to  the  results  of  the  calculations  at  zero 

field  end  to  the  conclusions  drawn  from  them. 

Further  comparison  of  theory  end  magneto-optical  ex¬ 
periments  for  other  aamplee  le  in  progress. 
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Abstract 

We  report  ch#  raaulta  of  aalf  coaaiatant  variational  calculation*  for  the 
ground  and  first  excited  star**  of  semiconductor  heterojunct ions.  The  calcula¬ 
tion*  have  been  performed  tor  the  electric  quantum  limit  in  the  Hartrea  appro¬ 
ximation  and  applied  to  the  G*(Al)Aa-C*Aa  and  IoP-ln(Ca)Aa  modulation  doped 
hateroatructurea.  Charge  traoafer*  from  the  doped  barrier  to  the  conducting 
channel  are  diacuaaed.  Th#  alloy  fluttering  for  InP-In(Ga)Aa  heterojunct iona  ia 
calculated  to  limit  the  channel  mobility  to  3a)0*cm,/V#  if  tbe  bulk  value 
(0.6  eV)  for  the  strength  of  the  »  jy  potential  is  retained. 

There  exist  too  kinds  of  lattice-matched  modulation  doped  hetero junctions 
l>.  H.  J.  )  ;  the  conducting  chennel  can  be  primarily  located  within  a  binary  semi¬ 
conductor  (e.g.  the  Ca(Al) A*-CaAa  M.D.H.J.'a)  or  within  a  ternary  random  alloy 
(a.g  fnP-In(Ga)Aa  M.D.H.J.'s).  The  low  temperature  mobility  of  Ca(Al)Aa-CaA* 
M.D.H.J.  can  be  very  high  (in  excess  of  10‘ce*/V«)  whertas  up  to  now  lnP-In(Ga)Aa 
M.D.H.J.'a  have  shown  mobility  lower  than  I0*cn'/Va.  It  may  be  of  interest  to 
acrutinixe  *  lather  al loy  disorder,  the  basic  difference  between  IoP-In(Ga)As  and 
Ce(Al)A*-CaAa  M.D.H.J.'a,  can  be  an  efficient  scattering  mechanism. 

We  need  firat  to  calculate  the  wavef unction*  Xi»  X i ,  bound  States  energies 
Ei,  h  of  the  ground  and  firat  excited  two-dimensional  subbands  which  ara  formed 
between  the  interface  and  th*  self  consistent  electrostatic  potential.  Recently, 
Stern  l\l  sod  Ando  /If  have  solved  this  problem  numerically  within  the  Hartree 
and  density  functional  approximations  roapectivnly.  liar*  me  present  th*  results 
of  a  variational  a* If  consistent  treatment  performed  for  the  Electric  Quantim 
limit  in  th*  Hartraa  approximation.  Wa  have  generalised  Pang  and  Howard  wave- 
functions  / 3/  to  allow  the  penetration  of  the  x'e  in  the  harrier  of  finite  height 
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Xi  (*>  - 


M|exp(iC|k/2) 


;  a  <  0 


Ki  (*>i»)exp(-b»/2)  ;  «  >  0 
In  addition  to  (I)  «nd  Poisson  aquatio 
<N.  "  Na>1k 


Xi(*> 

N  ; 

i,  the  elect: 


M^expf*  .  /2) 


.*p(-ct/2)  ;  *  >  0 
is  prtscT.i  1 


A'  d  A  a  dap 
vlifta  *  n«^a  C^*  ^*Pi*cAon  charge  in  the  channel,  the  acceptor  dep¬ 

letion  length,  n#  th*  2D  sheet  carrier  concentration,  the  volume  concentra¬ 
tions  of  donors  (Si  in  Ga(Al)Aa)  and  ^(n^)  residual  acceptor  concentrations  in 
th*  barrier  (channel).  u>  is  th*  width  of  th*  spacer  layer  (non-intentionally 
doped)  which  is  inserted  between  th*  doped  part  of  the  barrier  and  th*  2D  gas 
to  enhance  mobility.  At  thermal  equilibria,  tha  chemical  potential  p  ia  constant 
throughout  the  whole  structure.  At  T  •  0,  in  eh*  EQL,  we  have  therefore  : 


w  RJn 


El 


vb-'k 


.  lit-  („  .  II  u  .  II  ) 

-  1  #  A  d#pJ 


4*#* 

r  *«  rf  ' 


x..  i*.  t.V ■■■■>* 


o> 


In  (3),  i*  the  donor  binding  snergy  in  the  barrier  and  <  the  relative  dielectric 
constant  aaaumed  to  be  the  same  in  both  semiconductors.  Sine*  ch*  wavefunc  ion 
marginally  leak*  into  th*  barrier,  we  can  decouple  the  Poiaaon  ♦  Schrodinger  equa¬ 
tion*  from  th*  electrical  neutrality  ♦  thermal  equilibrium  conditions  (2,3)  :  tha 
penetration  of  the  x»  wavefunctioo  is  eo  small  that  ao  overlap  practically  exists 
between  th*  2D  gas  electron  states  and  tha  bound  donor  states,  substantiating  th«- 
concept  of  donor  depletion  length.  For  Che  same  reason,  th*  axact  shape  of  the 
electrostatic  potential  within  tb*  barrier  will  not  influence  th*  Ei  binding 
energy.  Therefore,  we  can  first  solve  th*  ScbrSdinger  and  Poisson  equations  for  a 
given  O'  neglecting  (2-3).  In  a  secood  step,  knowing  tb*  functional  dependence 
Ki(o#)  we  will  determine  the  equilibrium  n#  satisfying  (2,3)  for  a  specified 
heterostructure  geometry  <VVW>*  The  Receptor  depletion  length  has  been 
approximated  by  (■ct^/2**,n>)  *  where  ia  the  baadgap  of  th*  well-acting  material. 

Despite  the  email  wavefimction  penetration  in  tha  barrier,  the  finiteneas 
of  Vb  considerably  lowers  E,  with  raapact  to  th*  value  E,“  obtained  for  th* 
nB  but  infinite  Vfe.  For  instance,  consider  a  Ga(Al )Aa-CaAa  H.J.  with 
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0.3  «V.  •  0.0?  ■«.  *G4(A|)A,  *  0.088  7  •  13.  Let  Pfa  •_/  Xi<*)d* 

t>e  the  integrated  probability  deniity  for  the  electron  to  be  in  the  barrier. 

We  have  found  Pfc  -  1 . 1  S  T  ;  E,  •  51.8  meV  ;  E,®  -  64.9  meV  for  n#  -  5*10' ‘cm-1 

jnd  N  •  0.46*10' 'fa* • .  These  value*  ere  in  good  agreement  with  Stern' a 
dep 

results  / 1 /  who  found  Pfa  -  1  - 1 1  X  ;  E,  •  51.9  meV  and  E,®  -  63.63  meV  for  the 
•erne  material  psrsmeter*.  Ej  ia  affected  by  .  For  the  H.J.  under  considera¬ 
tion  and  n  ■  4<.10Mcm-,f  E,  kncreaaaa  from  43  meV  to  50.5  msV  when  in- 

crcaaca  from  0.46»l0'cn~'  [n^  •  I0*#c*”*)  to  1 . 38«10*  ‘ca'1  (n^  -  9*IO,,'cm*’) . 

The  rceidual  acceptor  concentration  in  the  channel  more  aevcrely  affects  the 
energy  position  of  the  first  excited  subband  E j ,  assumed  to  be  empty  in  the 
l.j.L,  Tbi»  i*  expected  eince  is  orthogonal  to  x»  therefore  is  very  smalt 
in  the  region  where  the  E,  electrons  contribution  to  the  electrostatic  potential 
i a  important,  for  a  given  Ndep»  the  difference  u  -  E,  increases  more  rapidly 
with  n#  than  E,  -  Ej  does  ;  and  for  some  critical  n',  l,  becomes  populated.  Me 
show  on  fig.  I  the  8^^  dependence  of  n^  m  C#( Al) As-GaAs  H.J.'s  with  -  0.3 
eV.  The  two  empty  circles  ere  Ando'e  re  alts  111  obtained  within  fhe  density 
functional  approximation,  for  residual  p  typa  CmAa  channels  (B^^  s.  5n10‘#cm_,> 
we  see  that  there  exiete  e  good  agreement  between  our  simplified  model  and 
Ando'#  refined  treatment.  Differences  are  larger  at  very  low  n^  indicative  of 
the  weaknesses  of  variational  procedure  for  excited  etatea  (especially  when  they 
are  weakly  bound).  Notice  in  fig. 2  tbeateep  increase  of  a*  with  N^  >  10llcm": 

Once  E,(R')  is  determined,  we  can  solve  the  equilibrium  renditions  (2,3) 
for  specified  N^,  Nj ,  m,  V«  show  on  fig. 2  the  w  dependence  of  the  transfer¬ 
red  2d  charge  n^  in  Ca(Al)As-GaAs  M.D. H.J.'s  for  B^  -  7x|0*,cm-*,  Vfe  •  0.3  eV 
and  three  compenaeting  acceptor  concentretiooa  B^.  We  have  taken  ■  0  based 
on  the  assumption  of  hydrogen! c  Si  donors.  There  is  however  e  recent  report 
/A/  showing  a  very  strong  increase  of  above  25  t  A]  concentration  in  Gs(Al)Aa 

alloys.  Also  shown  on  fig. 2  ara  DnmnaJ  at  el  results  HI.  We  see  that  there 
ia  a  tendency  towards  the  presence  of  reeldual  acceptors  in  Ca(Al)As.  Mora 
recently,  Stormer  et  al  /6/  have  uaed  wider  Ce(Al) As  spacers  and  higher  Si 
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doping  level  (N^  -  2*)0,•cn",)  resulting  in  remarkably  low  (black  circles  on 

Fig. 3).  It  is  not  impossible  to  find  a  suitable  which  would  fit  these  n^’s. 

However,  with  N,  -  2*10'*cm-’,  the  N  *§  would  be  in  excess  of  10* ‘cm-*  and  it 
d  A 

would  be  impossible  to  account  for  the  very  high  mobilities  found  by  Stormer 
et  al  in  thair  low  D(  samples.  At  the  moment,  we  do  not  see  how  to  positively 
correlate  the  measured  with  the  charge  transfer  affects  as  described  by 
Eqs . ( 1-4)  . 

In  InP-ln(Ga)Aa  H.D. H.J.'s,  the  bend  discontinuity  ia  not  vary  well  known 

(V.  -  0.33  eV  I? /  or  V  •  0.3  eV  181).  In  any  event,  these  he taroa tract urea  are 
o  o 

quite  similar  to  the  Ga(Al)As-CaAs  ones  except  that  the  conducting  channel  ia 
located  m  the  ternary  random  alloy  IOq  j.Gag  gy^1*  Th*  electrons  will  ba 
scattered  by  the  short  range  alloy  fluctuation.  Assuming  the  alloy  ia  perfectly 
random,  we  obtain  in  the  E.Q.L.  at  T  ■  0  I 

-  .  -S-  »<l-«>  D.  |<4V>|'  [  (4) 

’  *  i 

where  a  »  0.0*7  mt,  x  -  0.*7,  Afl,  •  (5.87  A)’  and  <6V>  ia  the  strength  of  the 
acattering  potential.  Retaining  the  bulk  value  cfiV>  -  0.6  #V  19/,  we  have  calcu¬ 
lated  the  nobility  limited  by  alloy  scattering  versus  the  2D  concentrations  n#. 
The  results  are  shown  on  fig. 3  together  with  the  calculated  energies  for 
Vfe  •  0.53  eV  (solid  curves)  sod  •  0.3  eV  (dashed  curves).  To  calculate  E,, 

quasi-arciaulation  condition  hae  been  retained  (B . _ -  I0’cm~2).  The  mobility 

dep 

curves  ere  independent  of  the  precise  value  of  whereat,  ae  expected,  larger 
lead#  to  larger  E, .  The  calculated  mobility  decreases  from  3.5  10scm2/V.e. 
toil.5«i0*cm2/V.s.  when  n#  increases  from  10U  to  10,2cm“2.  The  si loy  scattering  is 
then  fore  very  efficient  when  the  conducting  channel  is  located  in  the  ternary 
si loy.  In  the  reverse  situation  (a.g.  alloy  ecattaring  occuring  in  tha  Ca(Al)As 
barrier  for  Ca(Al)Aa-GaAa  H.D.H.J.)  this  scattering  meebanian  is  rather  ineffec¬ 
tive  111  due  to  the  small  panat ration  of  the  wavefuoctlon  in  the  harrier. 
Although  the  assumption  of  total  randomness  ia  an  uppar  bound  for  scattering 
4  ficiency  and  deaplts  the  possible  deviation  of  <6  V>  from  its  measured  bulk 

5f9 


t 

I 

1 


% 


0 


value,  it  i«*u  hard  to  iuagioa  that  low  temparature  Mobility  of  InP-In(Ca)Aa 

M.D.H.J.  my  exceed  thoae  found  in  tha  Ca(Al)Aa-CaAs  ayatea. 
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Fig. 1  :  Critical  concentration 

nC  versus  2d  concentration  of 
e 

fixed  apace  chargee  in  GaAa 
Ndap-  °P*n  «iFclaa  are  Ando' a 
reaulta  /2/ .  Por  n  >  n^,  Ki 
becomes  populated. 
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Fig. 2  :  Calculated  2d.  concentre- 
t i on  n#  veraua  apacar  thickneaa  in 
GaAs-Ca(Al)Aa  M.D.H.J'.  *a  for  thraa 
cotapeneatlng  acceptor  concent ra- 
tiona  Na  (aolid  linaa)  in  Ga(Al)Aa. 
Symbols  correspond  to  experiments  : 
triangles  / 5/  ;  black  circles  /6/  ; 
open  circle  / 10/. 


Fig. 3  :  n#  dependence  of 
the  mobility  limited  by 
alloy  scattering  (right 
scale)  and  binding  ener¬ 
gy  of  the  ground  subband 
(left  scale)  in  InP- 
In(Ca)As  M.D.H.J.  Solid 
lines  :  Vb  -  0.53  eV. 
Deahed  lines  :  Vb  ■ 

0.3  eV. 
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Photol  on  me  scene  e  f  rom  "Spike  Doped"  Hydrogen ic  Donors 
in  A)  |Ca  ^As-GjAs  Quantum  Welle* 

B  V  Shan* brook  and  Comas 
Naval  Research  Laboratory 
Washington ,  D.C.  20)75  USA 

Abst  reel 

We  have  performed  photolumnesreure  (PL)  •rasures*nts  on  GaAs- 
A 1  }Ga  ,As  super  1  at t ices  where  Si  donors  have  been  selectively  doped 
at  the  center  of  the  non-interacting  quantum  wells.  A  PL  feature  is 
shown  to  be  donor  related  and  is  attributed  to  the  radiative  recom¬ 
bination  of  an  electron  of  a  neutral  donor  at  the  tenter  of  a  quan¬ 
tum  well  with  a  heavy  hole  Furthermore,  our  measurements  indicate 
that  the  binding  energy  of  the  electron  bound  »t  a  neutral  donoT  is 
slightly  larger  than  that  of  a  coupled  electron  heavy  hole  exciton 
and,  in  addition,  is  significantly  larger  than  that  observed  for 
donors  in  hulk  GaAs.  These  observations  are  in  substantial  agree¬ 
ment  with  recent  theoretical  calculations . 
lot rod net  ion 

Recently,  the  nature  of  the  vavefunct tons  tad  binding  energies  of  bydro- 
gemr  impurities  confined  in  quantum  wells  has  been  theoretically  explored 
| 1-3).  Two  of  the  main  conclusions  of  these  investigations  sre  (a)  the  pre¬ 
dicted  sensitivity  of  the  impurity  blading  energy  to  the  location  of  the 
impurity  in  the  quantum  well  and  secondly,  ( b '  that  isqiurlties  placed  at  the 
center  of  the  well  exhibit  significantly  larger  binding  energies  than  those  of 
impurities  in  bulk  material.  Of  courae,  one  physically  expects  that  the 
magnitude  of  these  effects  will  be  the  largest  and  therefore  the  eaaicst  to 
observe  experimentally  when  the  Bohr  orbit  of  the  hydrogemic  impurity  ia 
comparable  to  the  quantum  well  width  (Ls).  Since  donors  ia  GaAa  are  well 


described  by  the  hydrogeuic  approximation  (i.r.,  very  small  central  cell 
corrections)  and,  in  addition,  exhibit  rather  large  Bohr  o>bits  (100  X),  it 
appears  that  GaAs-Al^Ga ^^Aa  quantum  wells  could  serve  as  a  model  system  to 
test  the  concepts  mentioned  above  in  (a)  and  (b).  Previous  studies  |4|  hsve 
investigated  the  properties  of  shallow  acceptors  ia  GaAs  quantum  wells. 
However,  in  this  case,  a  quantitative  comparison  between  experimental  results 
and  existing  theories  is  hampered  by  the  inadequate  description  of  acceptors 
in  GsAs  by  the  hydrogenir  model. 

Table  I 


Sample 

No. 

Lx(X) 

X 

n(cm  3) 

E(eV) 

HBE 

187 

ISO  t  10 

.28  t  .02 

undoped 

1.1016 

1.53* 

HBE 

160 

150  t  10 

.28  ±  .02 

1.533 

HBE 

159 

150  t  10 

.28  t  .02 

1.536 

Results 

and  Discussion 

We 

have  prepared 

a  variety 

of  GaAs-AlgGaj 

[  j{As  superlattices 

by  the  HBE 

technique.  In  all  cases,  the  width  of  the  A1  3Ga  ?As  layers  were  greater  than 
150  X  and,  therefore,  the  assumption  of  isolated  quantum  wella  is  justified. 
Furthermore,  to  be  able  to  investigate  experimentally  the  peculiar  properties 
of  impurities  confined  in  quantum  wella  and  mentioned  above  in  (a)  and  (b),  we 
have  tried  to  incorporate  donor  atoms  at  particular  locations  in  the  quantum 
wella.  The  width  of  the  doping  spike  (L^)  was  estimated  by  the  product  of  the 
time  that  the  shutter  of  the  HBE  Si  effusion  cell  was  open  and  the  growth  rate 
of  the  epitaxial  layer.  The  poaaibility  of  donor  segregation  during  growth  or 
diffusion  indicates  that  Lj  ia  only  a  lower  limit  for  the  actual  width  of  the 
doping  spike.  Shown  in  Fig.  1  is  the  photoluminescent  response  obtained  from 
three  GaAa-Al^Ga^^As  super lattices.  The  msjor  difference  between  these 
samples  is  the  doping  concentration  of  a  SO  %  wide  Si  donor  doping  spike 
incorporated  at  tha  center  of  the  quantum  well.  The  doping  concentrations  and 
other  relevant  material  properties  of  these  samples  sre  summarised  in  Table  I. 
Small  changas  in  either  the  A1  concentration  of  tha  ternary  semiconductor  or 
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thf*  width  of  the  GaAa  quantum  wells  result  la  small  differences  between  the  PL 
energies  obtained  fro*  different  samples.  Therefore,  the  energy  scales  of  the 
PL  spectra  displayed  in  Fig.  1  have  been  shifted  relative  to  one  another  (by 
less  than  3  swV)  to  bring  the  peak  positions  of  PL  which  arise  from  similar 
radiative  recombination  processes  into  correspondence.  The  actual  energy 
position  of  the  PL  may  he  determined  by  suMing  the  quantity  E  (given  in 
Table  I)  and  the  X  value  given  by  energy  scale  of  Fig.  1.  Previous  measure- 
ments  |4|  have  indicated  that  radiative  recombination  of  intrinsic  exciton* 
composed  of  electrons  coupled  to  either  heavy  (e-hh)  or  light  (e-lh)  holes  are 
the  dominant  photo) uminesrent  processes  which  occur  in  undoped  quantum  wells. 
A  comparison  between  the  spectral  position,  shape  and  width  of  the  PL  spectrum 
obtained  from  the  undoped  super  1st  lice  (MBS  187)  with  what  baa  been  reported 
in  the  literature  |4]  indicates  that  the  PL  peaks  occurring  at  X  =  0  meV  and 
X  =  7  meV  arise  from  radiative  recombination  of  e-hh  and  e-lh,  respectively. 
When  i  SO  K  doping  spike  of  Si  donors  is  incorporated  into  the  center  of  the 
multiquantum  well,  a  PL  feature  shown  in  Fig.  1  at  X  =  -1.5  meV  becomes  more 
intense  relative  to  the  e-hh  emission.  This  observation  is  in  agreement  with 
the  PL  spectra  obtained  from  seven  different  samples  grown  with  similar  L ^ 
values  but  with  differing  Si  doping  concentrations  and  strongly  suggests  that 
donors  are  involved  in  the  recombination  process  responsible  for  the  PL  at 
X  =  -1.5  meV.  in  analogy  with  the  donor-related  PL  features  that  are  known  to 
occur  in  bulk  GsAs  (5),  we  suggest  that  this  PL  peak  srises  from  either  the 
recombination  of  a  heavy  hole  with  an  electron  of  a  neutral  donor  (D-hh)  or  a 
donor  bound  electron -heavy  hole  exciton  (D(e-hh)). 

Shown  in  Fig.  2  are  the  changes  observed  in  the  PL  spectra  obtained  from 
sample  MM  160  with  variations  of  excitation  laser  power.  The  maximum  inten¬ 
sity  of  the  donor-related  PL  feature  at  1.531  eV  of  Fig.  2  (X  *  -1.5  meV  in 
Fig.  I)  exhibits  an  approximately  linear  variation  with  changes  in  laser  power 
while  a  slightly  faster  variation  is  observed  for  e-hh  emission  at  1.533  cV. 
If  the  PL  at  1.531  rV  was  crested  by  a  recombination  process  whose  initial 


state  involved  the  capture  of  a  coupled  electron-heavy  hole  exciton,  as  one 
might  expect  for  D(e-hh)  (5),  and  if  the  intensity  of  the  e-hh  PL  was  a  mea¬ 
sure  of  the  steady  state  concentration  of  the  coupled  electron  heavy  hole 
excitons  (as  is  true  to  first  order  with  changes  of  laser  power),  then  the  PL 
occurring  at  1.531  eV  and  1.533  eV  would  be  expected  to  exhibit  similar 
changes  in  PL  intensity  with  changes  in  laser  power.  Since  we  do  not  observe 
this  behavior,  we  suggest  that  the  PL  feature  at  '.531  eV  arises  from  the  D-hh 
recombination  mechanism.  Time-resolved  or  tempersture  dependent  PL  me*sur< - 
meats  will  provide  additional  tests  of  the  above-proposed  emission  process. 
The  D-hh  recombination  mechanism  had  been  suggested  previously  by  other 
workers  (6],  How.  ver,  for  reasons  not  understood,  the  bsnd  edge  PL  features 
they  report  exhibit  signlficsntly  wider  energy  distributions  and  larger  shifts 
in  PL  peak  positions  with  changes  in  laser  power  than  those  observed  in  our 
samples. 

We  have  prepared  seven  spike  doped  superlattices  with  various  quantum 
well  widths  (L^)  between  80-540  X.  In  all  cases,  a  donor  related  peak  occura 
1-2  meV  below  the  e-hh  PL  and  this  feature  is  interpreted  as  arising  from 
radiative  recombination  of  a  heavy  hole  and  an  electron  trapped  at  a  neutral 
donor.  A  theoretical  calculation  of  the  PL  response  resulting  from  a  D-hh 
recombination  mechanism  in  ■  uniformly  donor  doped  GsAs  quantum  well  has 
indicsted  thst  two  pesks  should  occur  in  the  PL  spectrum  (3).  The  lower 
(higher)  energy  peak  which  involves  donor*  at  the  center  (edge)  of  the  well 
would  occur  juat  below  (above)  the  e-hh  emission  (1,2,7].  Since  this  emission 
we  observe  always  occurs  slightly  below  the  e-hh  PL  peak  (1-2  meV),  we  con¬ 
clude  thst  we  are  observing  D-hh  recombination  from  donors  at  the  center  of 
the  quantum  well.  This  conclusion  is  also  consistent  with  the  location  of  the 
doping  spike  that  one  would  surmise  from  the  growth  procedure.  The  rather 
constant  energy  separation  between  the  D-hh  and  e-hh  PL  indicates  that  the 
exciton  end  the  donor  are  affected  in  a  similar  fashion  by  the  confinement 
imposed  by  the  quantum  wells.  Because  the  Bohr  orbits  of  neutral  donors  sad 
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frre  r><  uom  in  bulk  GaAs  am  rather  similar  (100  X  versus  120  X,  respec¬ 
tively),  this  beha'  tor  is  not  unexpected .  The  combination  of  our  PL  emission 
energies  with  the  width  of  the  quantum  wells  snd  a  theoretics!  calculation  m 
leads  us  to  concluile  that  the  binding  energy  of  electrons  hound  to  donors  at 
the  center  of  the  quantum  well  varies  from  6  meV  to  10  meV  for  L ^  widths 
between  540  X  and  60  X.  These  values  are  somewhat  lower  but  in  substantial 
agreement  with  recent  theoretical  calculations  | 1.2]. 

We  have  also  selectively  doped  three  multi -quantum  wells  (L^  -  150  X) 
with  S i  donor  doping  spikes  at  the  edges  of  the  quantum  wells.  From  two  of 
these  samples,  a  PL  peak  appears  2  meV  sbove  the  e-hh  transition.  A  similar 
feature  is  also  observed  in  the  PL  spectrum  shown  in  Fig.  1  for  the  undoped 
sample.  The  simplest  interpretation  for  the  origin  of  this  peak  which  is 
.ont latent  with  the  doping  profile  and  theoretical  calculations  would  suggest 
that  this  emission  is  probably  associated  with  a  D-hh  transition  involving 
donors  at  the  edge  of  the  quantum  well.  However,  these  samples  also  yield  a 
systematic  growth  in  the  intensity  of  the  PL  feature  we  have  associated  with 
donors  located  at  the  center  of  the  quantum  well  and  therefore  it  appears  that 
the  donors  are  either  diffusing  or  segregating  over  a  distance  of  at  least 
50  X  during  crystal  growth.  This  observation  is  rather  interesting  in  that  it 
suggests  that  measurements  of  extrinsic  PL  in  multiquantum  wells  may  provide 
useful  information  about  the  diffusion  and  (or)  segregation  of  impurity  atoms 
over  distances  which  cannot  be  measured  by  other  experimental  probes. 
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Fig.  1.  The  PL  spectra  obtained 
from  3  different  multi -quantum 
well  samples  where  MBE  187  is 
undoped  and  MBE  159  Snd  160  have 
been  select ively  donor  doped  st 


1x10  cm  ,  rexpectively .  The 
actual  energy  xcale  of  the  spec¬ 
tra  are  determined  by  the  sum  of 
E,  s  quantity  defined  in  Table  I, 
and  X. 


Fig.  2.  A  comparison  of  the  PL 
spectra  obtained  from  MBE  160 
with  the  indicated  excitation 
power  of  6471  X  radiation. 
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Magnetic  Breakdown  in  GsAlAs/GaAs  Quantum  Well  Structures 

J.  Yoahino,  H.  Sakmkl  and  T.  Hotta 

Institute  of  Indua trial  Science,  University  of  Tokyo 
7-22-1  Roppongl,  Kinato-ku,  Tokyo  106,  Japan 

Abatracte:  The  Shubnikov-de  Haas  oac illations  of  various  GaAa/GaAlAa 
quantum  well  structure#  are  studied  at  4.2K  by  applying  the  strong 
magnetic  field  parallel  to  the  layers.  A  series  of  oscillations  are 
found  to  appear,  when  the  diameter  of  cyclotron  orbits  becomes 
comparable  to  or  smaller  than  the  well  width.  A  simple  theory  of  such 
magnetic  breakdown  phenomena  is  presented  and  is  shown  to  explain  the 
observed  oscillations  quite  satisfactorily. 

§1  Introduction 

It  Is  well  known  that  electrons  confined  in  ultra  thin  semiconductor 
layers  such  as  Si -NOS  Inversion  layers  and  GaAlAs/GaAs  quantum  well  structures 
nave  characteristic  of  quasi-two  dimensional  electron  gas  (2DEG)  systems.  In 
such  20  system  Shubnikov-de  Haas  (SdH)  effect  is  known  to  be  anisotropic  in 
the  sence  that  the  oscillatory  magnetoresi stance  Is  dominated  by  the  normal 
component  Bi  of  the  magnetic  field,  and  Is  scarcely  affected  by  the  tangential 
comoonent  Br  .  It  is  because  the  quantum  wells  In  which  electrons  are  confined 
are  very  thin  usually  and  Interrupt  the  cyclotron  motion.  One  should  consider, 
however,  that  the  widths  of  actual  quantum  wells  are  finite.  Hence,  if  an 
extremely  strong  magnetic  field  is  applied  in  parallel  to  the  layer  plane  and 
If  the  diameter  of  the  cyclotron  motion  becomes  comparable  to  the  layer 
thickness,  we  expected  the  electrons  to  complete  the  cyclotron  motion. 

Although  these  magnetic  breakdown  phenomena  are  of  fundamental  importance, 
practically  no  work  has  been  done  so  far  excspt  one  preliminary  experiment  (1) 
and  a  few  theoretical  (2,  3)  stud lea.  In  this  paper  we  present  the  flrat 
systematic  study  of  the  magnetic  breakdown  phenomena.  In  particular,  we 
demonstrated  experimentally  the  presence  of  such  breakdown  phenomena  in  various 
GaAs/AlCaAe  quantum  wells.  In  addition  we  show  that  the  observed  oscillations 
can  be  well  explained  by  the  theory,  in  which  both  the  quantum  well  potential 
and  the  harmonic  potential  of  magnetic  fields  are  taken  Into  account. 


$2  Description  of  Our  Experimental  Methods  and  Results 

Since  the  radius  r  of  cyclotron  motion  for  the  1th  Landau  level  is  given 
by  r«(fI/sB)^  (21*1  the  cyclotron  radium  for  1-0  get*  as  small  as  65A  at 
B-15  Tesla.  Hence,  the  magnetic  breakdown  la  expected  in  relatively  low 
magnetic  field  range  (B<15  Tesla),  if  the  quantum  wells  widths  Lz  are  chosen 
far  greater  than  130A.  For  this  reason,  we  prepared  various  Gaft7AlOiAs/0aAa 
quantum  wella(QV)  with  the  well  widths  ranging  from  250A  to  500 A.  A  care  was 
taken  to  dope  only  the  GsAa  well  layers  with  Si  donors.  This  doping  profile 
creates  nearly- ideal  square  potential  wells.  All  the  samples  were  grown  by 
molecular  beam  epitaxy  on  Cr  doped  semi-insulating  GaAs  substrates .  Two  kinds 
of  samples  were  measured.  One  had  35  periods  of  500A  GaAs  well  end  500A 
GaAlAs  barrier  layers  (Ho. 393),  while  the  other  had  40  periods  of  250A  GaAs 
and  250A  GaAlAa  layers  (Ho. 404).  Each  sample  warn  shaped  into  standard  Hall  bar 
geomatry,  SCtpjn  wide  and  60()jm  long,  by  mesa  etching  technique.  Potential 
probes  on  this  Hall  bar  were  placed  at  two  positions  which  were  20CJp»  sway 
from  the  end  electrodes.  From  Hall  measurement  at  77K,  electron  mobilities 
were  found  to  be  1600cma/V  s  and  2000cm2 /V  s  respectively.  These  relatively 
low  values  are  due  to  the  heavy  doping  in  GaAs  well  layers.  The  Fermi  energy 
of  electrons  in  the  ground  level  Ep-E«  are  determined  from  the  measured  period 
of  SdH  oscillations  st  4.2K,  and  found  to  be  56  meV  in  500A-well  sample  and 
72eeV  250A-well  sample.  The  SdH  oscillations  wars  measured  at  4.2K  by  passing 
the  constant  current  along  the  x-axls.  The  direction  0  of  magnetic  fields  with 
respect  to  the  layer  (x-y)  plane  was  varied  between  the  normal  direction 
(B#s,0-O*)  and  the  parallel  direction  (B/y,&90#).  The  results  of  such  angular 
dependence  measurement  ere  shown  in  Fig. 1.  The  SdH  oscllatlon  of  500 A -we 11 
sample  Is  found  to  be  essentially  isotropic.  However  in  the  low  field  region 
the  peaks  shifted  slightly  toward  the  lower  magnetic  field  as  9  is  increased. 
This  suggests  the  diameter  of  cyclotron  motion  is  smaller  than  500A  In  most  of 
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the  field.  On  the  other  hand,  •'he  SdH  oscillation  of  250A~well  sample  clearly 
exhibited  anisotropic  nature  (Fig. 1(b)).  The  general  tendency  of  thia 
anisotropy  is  in  accordance  eith  the  simple  2D  picture.  But  the  simple  theory 
cannot  explain  the  presence  of  an  extra  oscillation  when  B>12  Tesla  and  the 
magnetic  field  is  parallel  to  the  layer. 


$3  Theoretical  Formulation  and  Discussion 

For  simplicity,  we  consider  the  case,  in  which  the  magnetic  field  applied 
is  parallel  to  the  layer'  yy)-  We  put  the  quantum  well  potential  V(z)  along 
^-coordinate  and  choose  the  vector  potential  aa  A* < Bz.0,0) :  then  the 
Hamiltonian  H  can  be  described  as 


H  ■ 


Cl) 


where  m*is  the  effective  mass.  As  is  well  known.  Hamiltonian  H  and  momentum 
-rerstor  Px  and  Py  can  be  commuted.  Hence  if  we  indicate  each  quantum  number 
as  Tlkx  and  hky.  Schrodingar  equation  i  reduced  to  the  following  one 
-limensional  form. 
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where  E  is  the  *otal  energy  of  electrons  and  Zo  is  the  coordinate  of  the 
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center  '-yclotron  motion.  »lhen  the  barrier  width  ia  wide  enough  to  ignore 
the  interact. on  of  adjoining  wells,  we  can  treat  each  of  quantum  wells 
separately  ar.J  the  potential  is  given  aa  follows. 

o  <»i>V,  «, 

~v>  171  <  «/x 

in  which  a  means  the  well  width.  As  is  well  known,  the  energy  levels  in  the 
absence  of  quantum  well  potential  V(z)  are  those  of  harmonic  oscillators. 
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which  are  degenerate  for  different  quantum  number  Z#.  in  the  quantua  well, 
however,  such  degeneracy  is  resolved  because  of  the  presence  of  the  z 
dependent  potential  V(z).  Figure  2  shows  the  energy  eigenvalues  6  of  SOOA 
quantum  well  structures  calculated  numerically  aa  function  of  Z0  at  8*6  Tesla 
and  10  Teel*.  Since  the  oscillatory  behaviour  of  resistivity  df(B)  results 
from  the  oscillatory  change  of  state  density  D(E,B)  at  Fermi  energy  Ep  it  is 
Possible  to  predict  at  which  magnetic  fields  B  the  resistivity  peaks  appear, 
aa  long  as  we  calculate  the  position  of  the  peaks  in  the  state  density  D(E.B). 
Although  the  exact  form  of  the  state  density  function  D(E.B)  can  be  obtained 
only  by  counting  all  the  states  6- ( Z. ,ky)  having  different  values  of  Z„and  ky, 
one  can  readily  see  In  Fig. 2  that  the  peak  positions  of  the  state  density  are 
given  Simply  by  the  eigenvalues  6  at  Z,  *0  and  ky-0.  Hence,  we  calculate  the 
energy  levels  6 (Z.-O.ky-Q)  aa  functions  of  magnetic  field  B.  The  result  for 
SOOA-well  structure  is  shown  in  Fig. 3.  At  low  magnetic  field  limit,  the 
calculated  energy  levels  are  found  to  approach  asymptotically  to  those  levels 
which  are  determined  by  the  quantum  well  potential.  In  contrast,  the  energy 
levels  at  high  magnetic  field  approach  to  those  of  harmonic  oscillator, 
E«hw(n*l/2),  which  would  be  expected  from  the  shape  of  Hamiltonian.  Since  the 
Fermi  energy  Ep  does  not  depend  on  magnetic  field  so  strongly  we  assume  hare 
that  Ep-E*  of  SoOA-well  sample  ia  constant  (-52meV).  Then  the  position  of 
resistivity  peaks  can  be  easily  predicted  from  Fig. 3,  because  4p(B)  should 
show  peaks  whenever  one  of  the  calculated  energy  levels  in  Fig. 3  crosses  tf. 
The  triangles  In  Fig. 4  are  the  peak  positions  calculated  for  500A-well  sample 
by  thia  method.  For  comparison.  Landau  plot  of  measured  peaks  and  dips  at 0  «<f 
and  $-90*  are  shown  by  solid  and  blank  circles,  and  found  to  be  explaned  by 
the  present  model.  Note  especially  that  the  peaks  for  high  Landau-indices 
(n-4  and  3)  shift  considerably  toward  the  lower  magnetic  field  direction,  in 
accordance  with  the  theory.  A  similar  calculation  has  been  extended  to  the 
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2S0A-well  structure.  Figure  5  Shows  the  calculated  energy  level*  aa  function 
of  magnetic  field  8  for  0-90* .  In  the  caae  of  250A-w*ll,  the  bounding  of  veil 
potential  la  so  strong  that  the  energy  level  la  not  changed  by  magnetic  field 
drastically .  If  one  assumed  here  that  the  Feral  energy  is  constant,  then  the 
first  resistivity  peek  is  predicted  appear  at  about  16  Tesla,  The  experimental 
results  shown  m  Fig. 1(b)  exhibit  no  peaks  for  £U)0*  up  to  14  Tesla,  in 
accordance  with  this  slaple  theory. 

In  summary .  we  have  shown  by  the  systematic  experiment  that  oscillatory 
changes  of  resistivity  appear  in  GaAs/GaAlAe  quantum  well  structures  under  the 
parallel  magnetic  field  when  the  diameter  of  cyclotron  motion  becomes 
comparable  to  or  leas  than  the  well  width.  The  observed  oscillations  are  shown 
to  be  well  explaned  by  the  theory  and  can  be  viewed  as  clear  evidence  of 


Figure  1.  Angular  dependence  of  SdH  oscillation  on  a  SOOA-well  sample 
(a)  and  a  250A-well  sample  (b).  The  angle  is  measured  from  the  normal 
to  the  quantum  wall  plane. 


magnetic  breakdown  phenomena  .n  quantum  wells. 
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Figure  2.  The  dependence  of  energy 
levels  in  S00A-w*l>  structure  vs 
quantum  number  Z»(see  text). 


Figure  4.  The  inverse  of  magnetic 
fitld  (1/B)  at  which  gf(B>  shows 
aaxiaa  is  plotted  a a  a  function  of 
Landau  index  n.  In  experimental 
results  (circles)  dip  positions  are 
also  Indicated. 


Figure  3.  Energy  levels  in  500 A -we 11 
structure.  The  thin  lines  show  the 
Landau  levels  m  free  space. 


Figure  5.  Energy  levels  In  250A  well 
structure  are  shown  as  function  of 
ma^iatlc  field. 


561 


1 


r 


\ 


i  ■ 


i 

i 

i 

i 

-*  t 


i 


I 

! 


\ 


/ 


0 


4cHus-tm  Alpben  Effect  in  Silicon  Inversion  Layers 
F.F.  Fix 

IBM  Thomas  J  Watson  Research  Center 
Yorktown  Heights.  New  York  10598 

and 

P.  J.  snu« 

Brown  University 
Providence.  R  1.02912 

ABSTRACT 

The  magnetic  susceptibility  of  the  Si  inversion  layer  electron*  was  measured  for  the  field 
up  to  1ST  Ideally,  the  system  is  e  a  petted  to  become  totally  quantised  with  discontinuous 
magnetization  between  discrete  magnetic  levels.  In  order  to  detect  the  small  oscillatory 
magnetic  signals  (deHaas-van  Alpben  effect),  we  have  devised  a  geometry  of  the  MOS  field 
effect  sample  structure  whose  magnetic  pick-up  is  directly  above  the  periphery  of  the  gate 
electrode  The  dungs  of  magnetization  is  provided  by  the  modulation  of  the  gale  voltage 
(dM/dn,)  foe  (100)  Si  tnverakm  layer  was  measured  at  1.3  K  and  frequency  up  to  100  KHz. 
The  detected  signals  were  found  to  have  the  expected  frequency  dependence  and  the  expected 
spthes  between  magnetic  levels  We  also  expect  quantized  steps  characterized  by  integer  unit 
of  double  effective  Bohr  magneton  (eH/m’c)  in  each  magnetic  level  which  baa  not  been 
discerned  so  far  with  the  present  sensitivity  of  the  measure naaou. 


The  iwo  dimensions)  elm  ion  gas  (2DFG)  systems  as  typified  by  ihe  inversion  layers 
in  Si  MOSFFfs  have  been  studied  extensively" 1  Magnetic  quantum  oscillations  have  been 
studied  primarily  in  the  Shubmkov-dc  Haas  effect  (SdH)  and  in  oscillations  in  the  capacitance 
The  recent  observation  and  identification  of  the  quantized  Hall  effect  in  these  system*'2 1  has 
led  to  much  renewed  theoretical  and  experimental  interest  in  this  area.  The  SdH  effect  is  a 
measure  of  a  non-equibhrrum  property  of  t he  2DHG  The  syttem  is  probed  under  electric  field 
perturbation  and  understood  in  terms  of  current  transport  In  this  paper,  we  report  some 
preliminary  results  in  the  oscillatory  magnetization  experiments  in  Si  inversion  layers 

The  oscillatory  magnetization  in  three  dimensions  is  known  as  the  deHass-van  Alpben 
fdHvA)  effect  It  is  a  measure  of  or-  of  the  tbermodyanamic  properties  of  the  electronic 
system  in  j  quantizing  magnetic  field  The  dynamic  scattering  process  enters  only  in  the  effect 
through  the  modification  of  the  self  energy. 

Consider  a  2DEG  with  an  electron  concentration  n,(cm  •’).  the  free  energy  F  in  a 
quantizing  magnetic  field  H  is  given  by 

F  -  E0n,  +  j?  n  -  S)AwcN,  *  (n  ♦  MAwctnx-’nNl ,  (U 

•here  n  »s  the  Landau  level  quantum  index.  E„  is  the  ground  state  energy  of  the  two  dimm- 

sional  subband.  ue  »  (rHi/m’c)  is  the  cyclotron  frequency  for  electrons  with  mass  m'  parallel  I 

to  the  surface  and  ■ 

Nl  .  (I,  ,«H)/(hc)  12)  I 

is  the  density  of  sutes  of  a  single  Landau  level  srith  ,  being  the  valley  and  spin  degeneracy 
For  simplicity  and  without  loss  of  generality,  we  have  ignored  spin  and  valley  splitting, 
temperature  and  collision  broadenings.  The  magnetization  M  is  then  given  by 

M  -  -  £  In  -  S>  «/i'NL-n(n  +  S)  4/i'nl  *  <n  +  (3) 

where  &  —  cA/2m  c  is  the  effective  Bohr  magneton.  Fig.  I  shows  the  normalized  free  energy 
and  magnetization  as  a  function  of  the  normalized  electron  density  n,  N,  where  integers,  n. 
designate  the  filling  of  the  particular  Landau  levels.  The  kinks  in  the  free  energy  and  the 
discontinuities  in  ihe  magnetization  at  integer  values  of  nyN(.  respectively  are  the  result  the 
delta  (unction  density  M  states  of  the  Landau  leveK  in  an  ideal  2D  system. 
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Kill  2  shows  schematically  the  sample  and  measurement  configurations.  The  active 
gate  and  pick-up  coil  geometry  are  shown  in  Fig.  3.  The  Si  substrate  is  100  12  -cm  p-iype 
(100).  The  inversion  layer  has  the  shape  of  twenty  23  nm  x  300  pm  (inters  The  gate  is  N 
doped  polycrystalline  Si.  The  gate  oxide  thickness  0olis  437  A.  Around  the  inversion  layer, 
the  Si  wafer  is  N-lype  doped  degenerate  to  provide  the  access  for  the  inversion  layer  electrons. 
On  top  of  the  gate  electrode,  there  is  a  520  A  CVO  oxide  layer.  The  pick-up  coil  surrounds 
the  gate  electrode  and  is  5  pm  wide  A I  on  top  of  the  CVD  oxide.  On  the  same  wafer,  there  is 
a  monitoring  FET  with  W  and  L  dimensions  equal  to  230  and  25  pm  respectively  with  the 
same  gate  and  oxide  structure  as  the  dHvA  samples. 


I  NmM'irt  .  teciron  >'«c  ttotfy  »«Hl  m  t  li.sc.nw  vH  Ihc  notmiiiKcil 

<1(1  :*on  drum*  l*.  \  .n  t  cnmlaat  suo'Oin*  maunclrc  ti«M  ihc  intccr'  ■ 

dniOI'd  iftc  sumhci  "I  fiMcd  I  JOdja  »«»«•» 

S.nve  the  spin  and  valley  equally  divide  the  Landau  level  density,  these  figures 
represent  approximately  the  well  resolved  spin  and  valley  splitting  spectra  of  M  if  one  replaces 
N,  by  ell,  he.  and  «r  -  m’c.  An  analytical  account  for  the  spin  splitting  in  a 

vt/c -quantized  2D  system  using  odd  and  even  integer  representations  was  given  by  Gurevich 
and  Shili’  and  by  Kao  el  al  4 

Since  N,  is  about  2  4  x  ft)1’  cm  3  for  H-10T.  for  a  spin  and  valley  resolved  level, 
the  total  magnetization  for  a  typical  sample  of  I0-J  cm2  is  of  the  order  of  Ur'*  erg/ gauss 
which  is  difficult  to  detect  We  chose  to  measure  the  change  of  M  with  respect  to  the  carrier 
concentration  nv  The  method  is  to  modulate  the  gate  voltage  and  measure  the  magnetically 
induced  signal  in  a  pick-up  cod  which  is  placed  on  the  periphery  nl  the  gat*  electrode .  Phase 
detection  techniques  were  employed  for  the  induced  signal  at  modulation  frequencies  up  to 
100  KH/ 


fit-  i  TlK  JtvJ  PHV-un  v..||  ccwnvlrv  ol 
■he  xiul  HcO«l-.  W.|>.«l  V  »pi 

%’ .  iipM  tyrriwW'  ihc  ii*»»tmo*i  liver  urrOor  ihc  :»> 

PICKUP  COIL 

fif  •  VhcnuiK  digram*  nl  ihc  vimMc  jnd  nmnni  runhraraiMm 

The  dHvA  effect  is  observed  as  a  voltage  induced  in  the  pick-up  coil  due  to  the  time 
rate  of  change  of  the  flux  induced  by  the  time  dependent  magnetization  of  the  inversion  layer 
electrons  Wc  modulate  the  electron  density  sinusoidally  such  that 
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\  ihc  i-»i.  :  iru  under  the  gale.  »  »  4  *  is  the  specific  n.»n  •  upacitancc  .md 
\  >  .1  i,in(  \ .living  pjn  nl  iht  gate  '  •Uaec  with  »  being  the  dielietm  constant  nl  tin-  gate 

■  v...  I!.-  prirrui v  ■. nmrtbuln  .1  i-  the  induced  voltage  is  derived  from  the  nugnoti/.iiion  nl 

:>u  1  in'timh  near  tlu  pic*,  up  cod.  and  the  area  under  the  gate  Also  it  can  he  shown  that  l>*r 
.  :  a.. n  shaped  1, eh4  ctfeel  .nsersMm  laser  stiucliite  with  the  long  and  narrow  dimensions 

A  in.'  I  icspe.irveo  'tie  eharactcrisiK  .  hargmg  time  is  prop«>rii.mal  to  l  •’  these  arc  the 
•  iac,  |i.  !  1  r  t.,e  stupe  ,it  ihe  sample  shown  in  Fig  3  used  tor  the  high  frequency  modulation 


experiment 


We  note  from  Eq  3  that 


dM 

dnt 


fn  ♦  S)Ae  m* c 


(5) 


and  the  pick-up  signal  is  given  by 

)  Vii)\  -  Ain  +  14H»r,„«y«V  (6) 

where  -j  and  V(t>  are  the  gate  modulating  frequency  and  amplitude  respectively. 

A  schematic  of  the  behavior  of  dM/dn,  as  a  function  of  n,/NL  is  shown  m  Fig.  4  We 
thus  expect  quantized  plateaus  in  steps  of  the  double  effective  Bohr  magneton.  Ae/m*c.  for 
each  quantum  number  n 


Typical  results  for  the  induced  pick-up  coil  as  a  function  of  gate  voltage  are  shown  m 
Fig  5.  The  conductance  of  the  monitoring  FET  is  shown  also.  It  can  be  seen  that  the  spike 
structure  observed  in  the  induced  voltage  occurs  at  positions  where  Landau  levels  are  filled,  as 
expected  The  results  of  a  crude  check  for  (he  amplitude  dependance  on  frequency  and 
modulation  amplitude  are  as  expected  For  fixed  frequency,  the  relative  size  of  the  different 
spikes  depends  on  two  competing  conditions  The  first  is;  the  increasing  size  at  higher 
densities  as  illustrated  in  Fig  5,  whereas  ihe  increasing  scattering  rate  with  respect  to  increas¬ 
ing  density  is  expected  to  decrease  the  size  at  higher  densities.  As  can  be  seen,  the  latter 
dominates  the  spike  structure  which  disappears  completely  at  (he  highest  densities  studied  ft 
can  also  be  seen  from  Fig.  4  that  the  plateau  structure  predicted  for  the  low  scattering  regime 
is  not  observed.  Clearly,  our  present  signal  to  noise  ratio  is  not  adequate  to  resolve  the 
quantum  step  of  double  effective  Bohr  Magnetron. 
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Ok  concern  m  such  a  quui-DC  experiment  is  that  in  Fact  there  are  frequency  effects 
present  After  all.  we  arc  charging  and  discharging  a  capacitor  structure  We  are  in  an  open 
structure  geometry  and  expect  that  the  appropriate  resistance  for  charging  the  capacitor 
between  Landau  layers  is  the  quantized  resistance*  From  the  results  of  the  monitoring 
structure  sec  can  sec  that  the  quantized  admittance  is  a  linear  function  of  the  Landau  levels 
filled  Any  charging  effect  should  have  a  similar  dependence  However,  it  can  be  seen  that 
the  experimental  results  do  not  behave  in  that  fashion  We  note  that  the  size  of  the  n— 2 
structure  is  about  the  same  size  as  that  for  n— 4  Further  the  n— 6  is  missing  while  ihc  n  — 8 
and  n»l2  arc  visible  We  conclude  that  although  there  may  be  some  vestigial  effects  due  to 
the  frequency.  «uch  effects  can  not  be  a  major  cause  of  the  observed  structure 
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Magnetization  Measurements  on 
a  Two  Dimensional  Electron  System 

T  Haavasoia,  H.  L.  StOrmer,  D.  J.  Bishop, 

V.  Narayanamurti ,  A.  C.  Gossard  and  W.  Wiegmann 

Bell  Laboratories 

Murray  Hill,  New  Jersey  07974  U.S.A. 

We  have  measured  the  deHaas-var.  Alphen  oscillations  in 
a  2P  electron  system  of  GaAs- (AlGa) As  superlattices  from  0  to  5T 
at  1.5K.  The  amplitude  of  the  oscillations  together  with  known 
density  distribution  implies  for  the  Landau  levels  a  half-width 
of  2  meV,  which  roughly  agrees  with  the  width  calculated  from 
the  zero  field  mobility  of  19000  cm^/Vs.  We  have  observed  eddy 
f srrent  relaxation  times  up  to  300s  at  T  ^  0 . 4K  suggesting  the 

resistivity  of  the  material  to  be  as  low  as  p xx  %  10~*°  ft/n 

corresponding  to  a  3D  resistivity  of  p  %  10  16  fi  cm. 

There  is  considerable  interest  in  determining  the  den¬ 

sity  of  states  1DOS)  of  two-dimensional  electron  systems  (2DES) 
in  crder  to  comprehend  in  more  detail  the  Quantized  Hall  Effect 
i.HE)  (1,2)  and  the  Zero  Resistance  State  (ZRS)(3).  So  far  ex- 
.  erimental  techniques  have  been  limited  to  magneto-transport, 
n-aoneto-rapac;  tance  and  cyclotron  resonance,  all  of  which  reveal 
aspects  of  the  DOS  only  in  an  indirect  way.  However,  the  DOS 
can  be  determined  directly  from  a  measurement  of  the  field  de- 
per.ient  magnetic  moment  of  a  2DES  (4). 

We  have  measured  for  the  first  time  the  oscillating 
magnetic  moment,  l.e.  dcHaas-van  Alphen  effect,  of  a  2DES  from 
0  to  5T  at  T  1 . 5K .  From  the  amplitude  of  the  oscillations  we 
can  estimate  the  halfwidth  of  the  Landau  levels  to  be  'v  2  meV, 
which  is  comparable  to  their  spacing  tiuic  (’  5  meV  at  3T)  .  The 
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samples  consist  of  modulation-doped  GaAs- (AlGa) As  super lattices 

of  172  GaAs  2D  layers  of  thickness  143  &  and  average  carrier  con- 

11  -2  2 
centration  n  *=  8.2x10  cm  with  total  area  of  ^  33.2  cm  . 

The  magnetic  moment  p  was  measured  with  a  commercial 
SQUID  magnetometer  up  to  5T  at  1 . SK .  The  experimental  data  of 
p  are  shown  in  Fig.  1  together  with  the  Shubnikov-deHaas  pxx  and 
Hall  Resistance  data  from  a  portion  of  the  same  sample,  if 
the  electron  density  n  is  constant  and  the  DOS  consists  of  a  set 
of  6-functions  at  Landau  levels,  we  expect  the  magnetic  moment 
to  exhibit  sawtooth-type  oscillations  periodic  in  inverse  mag¬ 
netic  field  1/B.  Whenever  a  Landau  level  becomes  completely 
filled,  the  Fermi  energy  jumps  abruptly  to  the  next  level  re¬ 
sulting  in  a  discontinuity  in  the  magnetic  moment  of  magnitude 
Ap  *  hen/m*  (4) .  The  amplitude  of  Ap  becomes  highly  damped  at 
low  fields  mainly  due  to  local  inhomogeneities  in  n  and  due  to 
a  finite  width  of  Landau  levels.  Under  these  conditions  only 
the  fundamental  frequency  of  the  sawtooth  shap>e  remains.  Since 
oxx  is  in  the  ZRS  when  the  Fermi  energy  is  between  two  Landau 
levels,  oscillations  c "  p  and  pxx  should  be  90°  out  of  phase  as 
can  be  verified  from  Fig.  1. 

We  have  determined  the  density  distribution  P(n)  of 
our  p  sample  by  measuring  the  density  gradients  of  several 
specimens  at  the  periphery  of  our  sample.  The  approximate  full 
width  at  half  maximum  of  Pin)  is  1.1x10**  cm-^  or  13%  of  the 
average  n  value.  The  average  magnetic  moment  of  the  whole  sam¬ 
ple  is 

<p>  -  j  p(n)P(n)dn  ,  (1) 

0 
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,  r  E  D(B,B) 

w(n)  *  *  n  / - (B-Er»AT  dE  '  (2) 

0  1  ♦  0  F 

where  the  DOS  is  D<E,B)  -  (2eB/h)iJQ  f  <E-ftu>c  ( i  +  1  /2) )  (/f<E)dE  - 
1) .  If  we  approximate  the  shape  function  f (E)  by  a  Gaussian 
f  (E)  <*  exp(-E2/2r2)  *  and  use  the  observed  P(n)  it  turns  out  that 
T  must  be  chosen  'v  2  meV  in  order  to  be  able  to  approximate  the 
data  using  Eq .  1. 

The  value  of  the  fitted  r  2  meV  may  be  compared  to 
the  cyclotron  frequency  *  fieB/m*  ■*  1-65  x  B  (meV/T) -  The 

2 

width  estimated  from  the  zero  field  mobility  of  19000  cm  /Vs 
roughly  agrees  with  our  1*.  However,  cyclotron  resonance  measure¬ 
ments  on  similar  kinds  of  samples  indicate  a  halfwidth  of 
*  1  meV  (5)  .  This  apparent  disagreement  may  arise  from  the 
fact  that  our  measurement  of  u  is  a  true  DC  measurement.  Whence 
we  might  expect  to  couple  also  to  the  localized  electron  states, 
which  are  expected  to  amount  to  a  considerable  fraction  of  the 
total  number  of  electronic  states.  Prom  the  plateau  widths  at 
the  oXy  data  of  Fig.  1  we  can  deduce  that  for  B  >  4T  the  ratio 
of  localized  to  delocalized  states  is  >>  1  for  T  <<  IK. 

We  have  extended  the  measurements  of  u  up  to  11  T  with 
a  modified  Faraday  balance  technique  (6) .  It  turned  out  that  the 
measurement  of  p  must  be  performed  under  true  DC  conditions  in 
order  to  avoid  contributions  to  the  magnetic  moment  due  to  eddy 
currents  in  field  regions  when  the  2DES  is  in  the  IRS .  The  sen¬ 
sitivity  of  this  technique  in  DC  mods  is  not  yet  sufficient  to 
detect  the  small  oscillations  of  u«  Nevertheless*  we  were  able 
to  observe  decay  times  of  eddy  currents  as  long  as  300  a  at 
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‘v  0.4K.  Time  constant  of  this  length  suggests  that  the  re¬ 
sistivity  of  the  material  is  as  low  as  10-*®  ft/a  corresponding 
to  a  3D  resistivity  of  p  %  10~**  ft  cm.  The  above  value  of  pxx 
is  more  than  three  orders  of  magnitude  lower  than  the  value  re¬ 
ported  earlier  by  Tsui  et  al.  (7). 

The  magneto-transport  of  the  superlattice  was  measured 
with  an  ordinary  Hall  rig.  Contacts  to  all  layers  were  pro¬ 
vided  by  diffusing  In  into  the  sample  at  the  position  of  the 
current  and  voltage  probes.  Assuming  equal  distribution  of  the 
total  current  over  all  the  172  layers  the  Hall  plateaus  are  ex- 
2 

pected  to  be  p  «  h/ie  N,  where  N  ■  172  is  the  number  of  layers, 
xy 

Although  <>xy  stays  constant  within  one  part  in  104  through  a  wide 

range  of  magnetic  field*  pxy  is  not  exactly  quantized  to  the 

above  value;  p  appeared  to  deviate  from  the  quantized  value  by 
xy 

1  part  in  1.0 ^ .  A  plausible  explanation  for  this  deviation  can 
be  found  in  varying  contact  resistance  to  the  different  layers 
resulting  m  slightly  different  currents.  At  this  point  we  have 
not  yet  reached  a  detailed  understanding  of  the  current  and 
potential  distribution  in  a  multiply  connected  superlattice. 
Varying  contact  resistance  and  closed  loop  currents  passing 
through  several  layers  complicate  the  situation  considerably. 

Our  data*  however,  seem  to  indicate  that  ORE  is  not  supported 
by  a  multilayer  sample  though  each  individual  layer  probed 
separately  might  well  show  quantisation  to  px^  ■  h/ie2. 

Magnification  of  pxy  by  a  factor  of  100  reveals  addi¬ 
tional  small  structure.  This  originates  from  the  last  or  the 
first  of  ths  laysrs*  sines  they  sre  immersed  into  slightly  dif¬ 
ferent  surroundings.  However*  since  the  deviation  in  density 
is  small,  the  dephasing  is  immaterial  for  the  plateaus  it  B  >  5T. 
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In  summary,  we  have  measured  the  deHaas-van  Alphen 
effect  in  2D  GaAs- (AlGa) As  auperlatticea  up  to  5T  at  T  •  1.5K. 

From  the  amplitude  of  the  oscillations  we  can  estimate  the 
Landau  levels  to  have  a  halfwidth  of  ^  2  meV.  At  T  *  0.4K  we 
have  measured  eddy  current  relaxation  time  of  -v  300  s,  which 
implies  o  'V'  IQ"10  il/O  corresponding  to  a  3D  resistivity  of 
■V  10"16  Q  cm • 

We  would  like  to  thank  B.  Batlogg  for  a  loan  of  the 
SQUID  magnetometer,  D.  Shoenberg  for  enlightening  correspondence, 
A.  Savage  for  carefully  preparing  the  samples,  and  K .  Baldwin 
for  technical  support. 
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Figure  Caption 

Fig.  1.  Magnetic  moment  p  of  a  GaAs- (AlGa) As  superlattice 

(172  layers,  total  area  ■  33.2  cm*)  vs.  magnetic  field 
at  T  ^  1.5K.  The  Hall  resistance  Pxy  and  Shubnikov- 
deHaas  data  pxx  are  taken  at  T  %  0.2K  on  a  piece  of  the 
same  sample  with  all  the  layers  connected  at  current 
and  voltage  probes.  Divide  p^  values  by  3  to  get 

n/a  . 
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ABSTRACT 

Hydrostatic  pressure  up  to  18  kbar  has  been  used  to  characterize 
SaAs /GaAlAs  heteros tractates  Manufactured  using  M.O.C.V.D.  and  M.B.E .  techni¬ 
ques. 

The  pressure  dependence  of  the  carrier  concentration  has  been 
deduced  fro*  Hall  Measurements  between  4.2  K  and  300  K  and  Shubnikov-de-Haas 
experiments  have  been  performed  at  Heliue  temperature. 

The  main  result  we  have  observed  is  a  linear  decrease  of  the  car¬ 
rier  concentration  as  the  pressure  increases. 

Me  explain  this  behaviour  taking  into  account  the  deep  character  of 
the  impurity  level  in  GaAlAs  connected  with  the  X  minim*  whose  variation  is 
found  to  be  11  meV/kbar.  When  the  Fermi  energy  is  large  enough  compared  to 
the  difference  of  affinities  aEc,  a  transition  between  a  metallic  to  an 
insulating  behaviour  of  the  heterojunction  Is  Induced.  Moreover,  the  metasta¬ 
ble  character  of  this  ii*>urity  level,  clearly  pointed  out  by  changing  the 
cooling  conditions  must  be  taken  Into  account. 

In  conclusion,  this  kind  of  experiment.  In  which  the  carrier  con¬ 
centration  may  be  varied,  appears  as  a  powerful  1  tool  to  investigate  the  pro¬ 
perties  of  the  heterostructures.  In  the  particular  case  of  GaAs/GaAlAs  the 
role  of  the  metastable  state  Is  predominant  In  all  the  Investigations. 

I.  INTRODUCTION 

In  order  to  optimize  the  fabrication  of  lattice  matched  semiconduc¬ 


tor  he tero Junctions  used  in  semiconductor  devices,  it  is  necessary  i  inves¬ 
tigate  their  electrical  properties  under  various  conditions  and  eventually  to 
relate  them  to  the  growth  technology  used  (metal  organic  chemical  vapor  depo¬ 
sition  :  MOCVD,  Molecular  Beam  Epitaxy  :  M8E).  In  this  paper,  we  study  the 
electrical  behaviour  of  Ga  jA 1  ^As/GaAs  heterostructures  under  hydrostatic 
pressure. 

A  strong  variation  of  the  carrier  concentration  ns  Is  observed  in 
the  whole  range  of  tempera  Lure,  the  pressure  being  applied  up  to  18  kbar. 

A  decrease  of  n&  Is  also  observed  when  the  temperature  decreases 
and  a  metastable  character  of  the  iipurlty  level  is  put  forward.  Me  propose 
a  model  for  the  heteroj unction  wlch  takes  Into  account  the  existence  of  the 
spacer  layer  and  the  deep  character  of  the  Impurity  level  In  GaAlAs, 

II.  EXPERIMENTAL 

Two  types  of  heteroj unction  have  been  studied.  One  Is  obtained  by 
MOCVD  techniques  (L.E.P.),  the  other  one  by  MBE  (Thomson-CSF).  Most  of  the 
samples  where  bridge  shaped  but  some  Van  der  Pauw  samples  were  also  studied. 

The  samples  are  put  in  hydrostatic  pressure  cells  (damps  or 
gazeous  cells)  where  the  pressure  may  be  varied  between  0  and  18  kbar  at  room 
temperature.  Lower  values  of  the  pressure  (^  12  kbar)  are  reached  at  liquid 
he linn  temperature.  It  is  important  to  note  that,  in  this  experiment,  the 
pressure  is  applied  at  room  t«q>erature  In  order  to  avoid  the  consequences 
of  the  metastable  behaviour  of  the  donor  level  in  the  establishment  of  the 
space  charge. 

In  order  to  measure  the  carrier  density.  Hall  effect  measurement! 
are  made  as  well  as  Shubnikov-de-Haas  experiments  wlch  give  access  to  the 
two-dimensional  electron  population.  Because  of  the  much  higher  conductivity 
of  two-dimensional  electron  gas,  the  bulk  conduction  can  be  neglected. 

III.  RESULTS  AND  THEORY 

On  Figs.  1  and  2  we  report  the  variation  of  the  carrier  density 
when  the  pressure  is  applied.  A  linear  dependence  of  n$  with  P  Is  obtai¬ 
ned,  and  the  heterojunction  becomes  Insulating  over  a  certain  pressure  which 
Is  temperature  dependent. 

In  order  to  explain  this  behaviour,  we  take  Into  account  the  exis¬ 
tence  of  a  deep  level  associated  with  the  SI  impurities  In  GaAlAs.  The  acti¬ 
vation  energy  of  these  donors  Increases  with  pressure  (1)  and  the  observation 
of  persistent  conductivity  In  bulk  GaAlAs  (2)  suggests  that  this  level  is 
probably  associated  with  the  X  minimum. 
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The  carrier  density  is  calculated  assuming  that  the  GaAlAs  is  par¬ 
tially  compensated  and  that  the  donors  are  not  completely  ionized.  All  the 
calcinations  presented  here  are  made  in  the  parabolic  band  approximation. 

The  energy  band  diagram  assumed  is  shown  in  Fig.  3  where  all  the 
parameters  are  defined.  The  quantum  well  is  treated  in  the  triangular  well 
approach  (3,4)  anda  solution  is  found  by  requiring  that  the  two-dimensional 
-lectron  population  equals  the  density  of  electrons  depleted  from  the  GaAlAs 
side.  The  space  layer  is  considered  to  be  perfectly  compensated  (N^  »  N^)  so 
that  the  band  curvature  is  negligible  in  that  region.  One  must  however  keep 
in  mind  that  things  could  be  modified  if  the  compensation  of  the  spacer  Is 
not  complete. 

The  electron  density  per  unit  area  in  GaAs  (nsj)  and  the  density 
of  positive  charges  in  GaAlAs  (n^)  dre  related  to  the  electric  field  F^  at 
the  interface  by  these  relations  : 


si 


‘7  F,?) 


"si  ‘  ~q  "s2  '  ~  (1) 

and  the  continuity  of  the  electric  displacement  vector  (c,  F 
the  interface  requires  that  n^j  *  n^. 

The  population  in  the  GaAs  side,  considering  only  the  two  first 
quantized  levels  tQ  and  £j,  is  given  by  (3,4) 


/  - 


Fig.  3 

Energy  Band  Diagram 
in  the  case  of  MOCVO 
samples 
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The  electric  field  in  the  GaAlAs  side  of  the  Interface  is  found  by  Integrating 
Poisson  equation  In  the  doped  region  (*  >  0).  We  have  for  the  density  of  char- 
ge  :  „  (x)  =  (Nd*  -  N,  -  n{x))  q 


e d  «2  ‘  w? (X ) 

1  ♦  2  exp  (-2 — - 1 — ) 


n(x)  = 


kT 


-*?  -  »2(») 
ypt  -  VI  > 

T.iexp 


The  acceptor  impurities  are  assumed  to  be  all  filled  with  elec¬ 
trons,  and  Ehrenberg  approximation  (5,6)  has  been  used  for  the  calculation 
of  n{x) . 

Poisson  equation  is  integrated  to  give  : 
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An  effective  value  of  the  hand  bending,  v 
the  familiar  looking  relation  : 

1/2 


is  defined 


c-  dv_ 
ns2  *  (J>T) 


2  «. 


x«0 


(- 


2  "d  eff 

q7 


n  order  to  obtain 

dns/d(’  (10U/kh1 

300  K 

77  K 

Experimental 

0.245  J 

0.295 

(5) 

Theoretical  1 

0.?40 

0.330 

The  value  of  6-  is  determined  from  the  charge  neutrality  condition  far  from 
the  junction  in  GaAlAs  : 


TABLE  1  :  Theoretical  results  with  SHF  175  sample. 
IV.  DISCUSSION  OF  THE  RESULTS 


and  EF  is  given  by 


[F  •  AEC 


qns?d 


S2 


(t) 

(7) 


where  the  electric  field  was  considered  to  be  constant  in  the  spacer, 
knowing  c^.  we  can  new*  determine  the  values  of  all  the  quantities  by  choosing 
V?0  in  order  to  have  (  -  n^.  [*d(0).60  meV  (7)  J 


Other  quantities  vary  with  pressure.  It  is  the  case  of  the  effec¬ 
tive  mass  in  GaAs  for  which  we  have  {8,9). 

_•  .4 

£o»  0.067  ♦  4  x  10  P  (P  in  kbar) 

The  corresponding  dependence  of  m*  In  GaAlAs  Is  found  to  have  a 
weak  effect.  This  quantity  is  only  appearing  In  the  calculation  of  n(x) 

(through  N .)  and  this  tena  changes  the  results  by  only  a  few  percents  even 
0  18-3 

at  300  K  for  concentration  up  to  1  *  10  cm  .  As  a  consequence,  the  varia¬ 
tion  of  m*  with  P  has  been  neglected  In  GaAlAs. 


As  it  can  be  seen  in  table  1,  a  good  agreement  between  theory  and 
experiment  is  obtained  by  choosing.** : 0. 32  and  s  ■  11  meV/kbar.  This  concerns 
the  case  of  an  heterojunction  grown  $y  M0CVD  with  a  spacer  thickness  of  60  A 
and  Si-doped  to  7.6  x  10*^  cm  A  compensation  of  0.3?  is  considered  by  the 
fabricants  to  be  a  typical  value  for  this  material,  and  the  value  of  p  taken 
is  different  from  the  one  proDosea  by  Saxena  (  8  *  14 . ImeV/kbar) . 


This  model  seems  to  represent  adequatly  the  rate  of  decrease  of 
the  two-dimensional  electron  density  with  pressure,  and  the  variation  of  this 
rate  with  temperature.  It  is  however  unable  to  explain  the  variation  of  ns 
with  T  (see  Fig.  1  and  2).  All  the  heterojunctions  show  an  Increase  of  ns 
with  temperature,  when  measurements  are  made  in  the  dark,  while  calculations 
give  a  slight  decrease  when  T  Increases. 

This  behaviour  must  find  its  reason  In  the  several  points  which 
were  not  taken  into  account  here,  like  a  possible  contribution  of  the  spacer, 
the  presence  of  interface  states,  the  presence  of  electrons  in  higher  bands 
(L  and  X)  at  high  temperature  or  the  temperature  dependence  of  aEc- 

The  interface  states,  like  the  variation  of  aEc  with  temperature 
and  pressure  are  however  poorly  known  and  their  effects  are  difficult  to  es¬ 
timate. 


The  introduction  of  the  partial  compensation  of  GaAlAs  is  essen¬ 
tial  to  explain  the  pressure  behaviour  (zero  compensation  leads  to  a  value 
of  dn^/dP  twice  smaller  than  what  Is  observed).  Thus  we  had  to  modify  the 
model  proposed  recently  by  Lee  etaL(10),  and  contrarlly  to  what  is  said  in 
this  reference  we  find  that  the  free  electron  population  n(x)  In  GaAlAs  is 
neglegible  even  at  300  K  and  high  doping  level  (10*®  cm '^). 

No  attempt  was  made  to  fit  the  calculations  to  the  results  at 
4.?  A  since  at  this  temperature  we  cannot  reach  equilibrium  because  of  the 
relaxation  effects.  Even  at  77  k,  we  had  to  wait  several  minutes  to  have 
equilibrium;  this  can  be  easily  observed  by  illuminating  the  sample  for  a 
while  and  looking  at  the  decrease  of  n$  toward  its  equilibria  value. 
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Coulomb  i oe l of l c  L I tgtly  of  ■  Quasl-Perti cle 
In  a.  Two  Olmenslonal  £ 1  act  r  on  Gas* 

Gabriel*  F.  Giuliani and  J.  J.  Quinn 
Brown  Unf vers Jty,  Provi dance,  Rhode  Island  02912,  USA 

We  discuss  a  theory  of  th*  coulcmblc  Inelastic  lifetime  i,  of - 
the  electronic  states  of  a  two  dimensional  electronic  system.  Our  ap- 
proac'-.  is  based  on  a  perturbative  diagrammatic  analysis  of  th#  alactron- 
Impurlt,  system.  Me  obtain  a  general  axprasslon  for  »/* ,  which.  In  con¬ 
trast  to  previous  work,  reduces.  In  the  appropriate  limits,  to  the  well 
known  diffusion-dominated  end  the  pure  regimes.  Me  shoe  that  our  rasults 
provide  a  ccmprehenil ve  picture  which  can  be  tasted  by  magnetoconductance 
experiments  In  nigh  mobility  Inversion  layer  devices.  Me  find  thet  at  lew 
temperatures  both  mcmentue  conserving  end  diffusive  processes  contrl- 
2 

bate  to  the  T  term  In  . 


The  couiaeb  Interaction  contribution  to  the  Inelastic  llfetlmei.  of  e 
duasi particle  In  a  two-dimensional  (20)  electron  gas  has  recently  received 
•ucf  attention.  Such  Interest  is  motivated  by  the  relevance  of  the  Inela- 
muui  -  free  path  of  a  20  electron  In  the  localization  problem  CO,  £?]• 

M  I,*,  ixruorotures  In  the  pure  metel  regime  1/i  ^  Is  found  to  beh*e  like 
«r  :'/**  |  ij,  whereas  In  the  presence  of  Impurities  the  diffusive  nature  of 
'1.4*  4> 1 1  ‘'o'  dynmwlcs  leads  to  a  euch  larger  value  which  Increases  linearly 
.  i  »•  f  J  4  j.  m  Ref .  [3]  the  ef  feet  on  1/,  ^  of  the  low-  lying  20  plasma  mode: 
i.,.  town  investigated. 

*n  previous  theoratlcal  work  on  tha  Impure  20  electron  gas  CO  the  **,n 
contributions  to  1/i  ^  were  evaluated  within  a  diagrammatic  approach  by  me¬ 
ting  use  of  expressions  for  the  Impurity  average  of  the  relevant  Green 
function  products.  The  validity  ot  these  expressions  Is  restricted  to 
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the  case  In  which  the  electron  dynamics  Is  purtly  diffusive.  In  parti¬ 
cular  the  behaviour  of  the  pure  system  cannot  be  recovered  by  letting  the 
elastic  lifetime  iQ  be  Infinite.  As  In  e  real  situation  the  two  regimes 
are  Inextricably  Intermingled  [23,  there  Is  a  need  for  a  uni f lad  approach 
In  which  tha  elastic  lifetime,  or  what  Is  the  same,  the  Impurity  concen¬ 
tration,  can  be  varied  at  will  as  an  external  peramatar. 

In  this  paper  we  provide  e  simple  theory  of  1A  (  which  allows  us  to 
bridge  the  gap  between  the  pure  and  dirty  metal  raglmas.  Our  results 
can  ba  very  usefully  used  In  fitting  the  temperature  dependence  of  .  as 
measured  In  magneto- conductance  experiments  [23. 

The  coulomb  Inelastic  lifetime  of  a  quasi  particle  of  energy  E"E_  +  A 
In  the  presence  of  Impurities  can  be  defined  C*3  as 


CTTy  ?  4(E-En>  T 


<11 


where  N  IE)  Is  the  density  of  states  and  1A  Is  the  Inverse  coulomb  Ine* 
o  n 

lastlc  lifetime  of  a  quasi pertl cle  In  the  state  ln>  and  energy  £„  which 
Is  assumed  to  be  an  exact  eigenstate  of  the  electron  Hamiltonian  In  the 
presence  of  the  Impurity  potential.  If  we  assisae  for  1  h  a  Fermi  golden 
rule  expression  in  which  the  transitions  era  dus  to  a  screened  coulomb 
potential  end  make  use  of  1 1  near  response  theory  together  with  the  fluc- 
fuat lon-di v.lpetlon  theorem,  we  obtain  the  following  general  formula  C$3 

TTfi  •  S^TT  [ITTWTjf  f1"  w3l“)  *«  h  ITO 

.  (2) 

X  [coth  (^fy)  -  tanh 

Hera  1M,  v^  Is  the  fourler  transform  of  the  bare  coulomb  potential  and 
.  <q\,.>  Is  the  complex  dielectric  function  of  the  non- Interacting  electron 
gas  In  the  presence  of  Impurities.  The  function  Mlq,01)  contains  the  wave 
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V.  CONCLUSION 

We  have  shown  that  measurements  of  electrical  properties  of 
GaAlAs/GaAs  heterojunction  under  hydrostatic  pressure  can  lead  to  several  in¬ 
formations  concerning  the  parameters  describing  the  energy  band  diagram  of 
this  structure. 

Further  experiments  on  samples  with  different  doping  level  and 
spacer  thickness  are  necessary  to  ameliorate  the  model,  and  give  a  better  un¬ 
derstanding  of  the  properties  of  these  structures. 

The  rapid  decrease  of  ns  with  pressure  might  become  very  useful 
in  studying  localization  effects  responsible  for  quantum  Hall  effect.  This 
kind  of  work  is  under  way  now. 
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function  correlation*  and  I*  defined  as 


*(5.->  L  :-n:e,q'r|n.  2  S(w-E  *E  )5(E-E  )-S  „ 

n.m  "  "  "  an°m 


<31 


■ne^e  the  bar  denotes  the  Impurity  overage.  In  deriving  (2)  the  assisnptlon 
r  a-,  been  made  ’hat  the  Impurity  overage  con  be  taken  Independently  In  eve- 
iuatlrj  the  quantity  W  and  the  dielectr'c  function. 

Making  use  of  standard  methods  [6]  th*  quantities  H(q,u)  and  f  (q,.. )  can 
be  expressed  In  terms  of  blllneor  forms  of  th*  appropriate  advanced  and 
retarded  Green  functions.  Perturbation  theory  can  then  be  used  to  derive 
the  following  results  for  a  two  dteenslonal  electron  gas  [53 

M(q.u)  ■  -  ^  !m  x°(q,u)  ,  (<) 


.  (q.^)  *  1  -  x°(q,u,) 


(5) 


■horu  the  rtsponse  function  x^q.w)  It  given  by 


0  'o  0 


<n  ‘.q.<6>,  we  h*ve  Introduced  the  diffusion  constant  D-Vp^/2,  vf  being 
the  Feral  velocity  of  the  electron  gat.  Thla  expression  for  x°  has 
bean  derived  keeping  only  l odder  dtagras  In  the  perturbation  expansion 
and  is  valid  for  saei I  values  of  q  end  w  ,  but  It  Is  general  enough  to 


describe  the  dynaelcal  response  of  the  system  es  function  of  t  .  In  per- 

o 

tlcuiar  it  Is  readily  astabltshad  that  tha  corresponding  well  known 
expressions  for  tha  response  In  tha  pure  and  diffusive  regime*  are  reco¬ 
vered  as  i^ls  respectively  made  to  diverge  or  vanish. 

With  the  use  of  13),  14),  (5)  and  (6),  Eq.(2)  provides  a  slept*  and 
convenlant  formula  for  1/t  ^  .  For  iQ  -♦  «■  the  Integrations  can  be  done 
analytically  In  th*  I lelt  of  small  A/E^and  th#  results  of  Ref .[33  are 
recovered.  For  finite  Toour  formula,  apart  for  a  factor  of  [l+axpf-VTO, 
reduces  to  tha  ona  discussed  In  [*3  once  the  Imaginary  part  of  the  elec¬ 
tronic  self-energy  Is  evaluated  on  the  energy  shall.  In  the  general  case 
for  finite  values  of  th#  parameters  A /Ep  and  lAQEp  and  T,  Eq.<2)  must  be 
evaluated  numerically.  This  Involves  a  two  dimensional  Integral  which 
doos  not  present  any  particular  difficulty. 

At  high  electronic  densities  the  wavevector  sum  can  be  safely  cut  off 
2 

at  tha  fnvarsa  screening  length  k-2i#  .  As  the  actual  densities  In  In¬ 

version  layers  are  In  general  very  loe#  (typically  r^-2),  this  wavevector 
may  be  comparable  to  or  even  larger  than  the  Feral  wavevector  and  an  ex¬ 
pression  for  valid  also  at  large  q  must  be  used.  He  find  that  a 

?  2 

convenient  Interpolation  formula  Is  obtained  by  adding  (q  /2m)  to  tha 
argument  of  the  square  root  appearing  In  (6).  This  leads  to  tha  correct 
Lwhavlour  for  x° at  large  q. 

"w  imvo  studied  the  behaviour  of  1A<  as  a  function  of  v  for  several 
1  o 

values  ot  the  relevant  permaeters.  In  Figs.  I  and  2  tha  dependence  of 
l/i.  upun  ,\  /Ej.  for  meal  I  T/a  ,  and  upon  T/E^for  seal  I  a/T  Is  shown  for 
two  dtfforent  values  of  .  For  large  tq  »  1/t ^  t»  approximately  pro¬ 

portional  to  (a/Ep)*  and  (T/^  )*  respectively,  whereas  for  smaller  values 
of  tq  this  law  Is  replaced,  as  expected,  by  an  approxlautaly  linear  depen¬ 
dence.  The  actual  behaviour  I*  more  complicated  and  will  be  discussed  In 
more  detail  In  a  different  paper  [53. 
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Fig.  I.  A  plot  of  1/tj  vs.  excitation  energy  t  •  E-Ep  at  a  temper¬ 
ature  T«10'4Ep  .  The  solid  and  dashed  lines,  corresponding 
to  a  rather  pure  and  a  rather  dirty  sample  respectively,  are 
smooth  curves  drawn  throughout  the  points  obtained  numerically. 
Ihe  ordinate  for  the  solid  curve  appears  on  the  left,  that  for 


the  dashed  curve  on  the  right. 


0.0  o.l  t/E,  0.2 


nq  2.  A  plot  of  1/it  vs.  temperature  for  an  excitation  energy 

a  *  IO'4Ef  .  The  solid  end  dashed  curves  correspond  to  pure 
and  dirty  samples;  the -ordinates  for  each  appear  on  the  left 
and  right  respectively  as  in  Fig.  1. 
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Abstract 

Tunneling  studies  on  metal,  SiO,  , Si-junctions  are  performed  at  4.2  K  in  high 
magnetic  fields.  Oscillations  in  the  differential  conductance  d!/dU  and  its 
derivative  d’ I/dU*  reflect  the  Landau-level  structure  of  the  lowest  aubband 
of  the  electron  inversion  layer.  In  bias-sweep  measurements  their  period 
gives  a  direct  measure  of  the  effective  mass  of  the  surface  electrons.  The 
tiers i t v  of  states  of  this  subhand  is  deduced  from  magnetic  field  sweeps  at 
different  biases,  varying  the  effective  area  in  the  E-plane.  The  electron 
density  as  a  function  •  !  applied  bias  is  determined  from  magneto-osc il la- 
lions,  which  are  observed  in  d’l'dU*  at  high  modulation  voltages,  whenever 
a  Landau- level  passes  the  semiconductor  Fermi-level. 


Recently  the  tunneling  spectroscopy  has  been  applied  to  Si  accutaulat ion  and 
inversion  layers  hy  use  of  a  special  technique  in  preparing  planar  MOS  tun¬ 
nel  devices  /I,*,.  These  experiments  proved  to  be  well  suited  to  determine 
the  miniaaim  energies  of  the  quantized  2D-*ubbandi  relatively  to  the  semicon¬ 
ductor  Fermi-level.  We  are  reporting  here  first  tunneling  studies  of  ( 100)- 
••lectron  inversion  layers  in  high  magnetic  fields. 


In  tunneling  through  an  oxide  barrier  between  a  metal  electrode  and  2D- sub- 
ban  J  states  the  contribution  to  the  differential  conductance  dl/dU  due  to 
each  suuband  is  Known  to  be  proportional  to  the  density  of  states  of  this 
ribband  1/.  When  a  quantizing  magnetic  field  is  present,  the  subbands  split 
into  series  of  scattering  broadened  Landau  levels,  which  cause  additional 
»«r i 1 !et io-s  in  the  tunneling  conductance  /4,5/.  We  assume  that  the  contri¬ 
butor  of.  for  instance,  the  lowest  subband  to  the  oscillatory  component  may 
deter ibod  by  /4 / 


(®)  -*••»?(- 


D  )  cos  (  2it 


where  A  is  constant  or  only  weakly  dependent  on  magnetic  field,  is  the 


Dingle  temperature,  IWj^  the  Landau  aplitting,  E^-E^dl)  the  difference  be¬ 
tween  the  semiconductor  Fermi-level  and  the  bottom  of  the  ground  aubband,  U 
the  applied  biae  between  metal  and  semiconductor  tunnel  electrodea  and  •  a 
phase  angle.  These  oscillations  can  be  observed  for  bias  values  U<(Ep,.-Eo)/e, 

i.e.  when  the  metal  Fermi-level  E_*E_  -eU  lies  above  the  subband  edge  at  E  . 

rM  FS  o 

Our  experiments  are  performed  on  MDS  tunnel  junctions  with  native  oxide  bar¬ 
riers  / 71.  The  substrates  are  (lOO)-oriented  p-Si  wafers  having  a  net  accep¬ 
tor  volume  concentration  of  10l '/cm1 .  Mg  or  Ti  are  used  as  counter 

electrodes,  whose  low  work  function  creates  an  electron  inversion  layer  of 
typical  8101,/caJ  and  2.V10l,/cm*  for  Mg  and  Ti,  respectively.  The  tunnel 
devices  are  mounted  on  a  sample  holder,  which  can  be  rotated  (accuracy  one 
degree),  and  ismneraed  in  liquid  He.  A  Bitter  magnet  ia  uaed  to  provide  mag¬ 
netic  fields  up  to  15.6  Teala.  The  tunneling  conductance  dl/dU  and  ita 
derivative  d*I/dU>  are  taken  as  a  function  of  the  applied  bias  at  constant 
magnetic  field,  or  at  constant  bias  while  sweeping  the  magnetic  field,  by 
use  of  the  conventional  modulation  techniqut  / 6/. 

Fig.  1.  shows  the  conductance  va.  biaa  curvet  of  a  Mg-metalliied.  junction 
w;th  magnetic  field  directions  parallel  and  perpendicular  to  the  aample  sur¬ 
face.  The  steps  in  the  background  conductance  ere  due  to  the  step like  in¬ 
crease  of  the  number  of  available  states  in  tunneling,  when  the  metal  Fermi- 
level  passes  the  energy  minimum  of  a  subband,  e.g.  at  U»+50  mV  and  U*0  for 
the  subbands  Eq  and  E',  respectively  /I/.  In  case  of  a  perpendicular  magnetic 
field  (B  //  J),  the  dl/dU-curve  exhibits  weak  oacillationa,  which  arise  from 
the  Landau-level  structure  of  the  ground  aubband.  In  the  second  derivative 
trace  (Fig.  2.)  these  oscillations  are  clearly  enhanced  against  tha  back¬ 
ground  curve.  From  eq.  (1),  their  period  is  given  by 

MeU)  -  ♦  MEps  -  Eq  (U)).  (2) 

Because  in  the  differential  conductance  the  oscillation  amplitude  ia  much 
smaller  than  the  step  height  due  to  the  lowest  subband,  we  assume  the  density 
of  states  to  have  only  a  small  oscillatory  component,  too.  Then  the  occupa¬ 
tion  height  Eps-Eo(U)  is  nearly  a  linear  function  of  the  applied  bias  even 
at  highest  magnetic  fields.  Indeed,  we  do  not  observe  any  change  in  the  pe¬ 
riod  when  either  the  density-or-states  maximum  of  a  Landau-level  coincide 
with  the  semiconductor  Fermi-level  or  the  miniaua  between  two  Landau-levels. 
The  dependence  1^(11)  can  be  obtained  from  additional  amasurements,  aa  discus¬ 
sed  below,  which  give  us  two  data  points:  First  at  an  applied  bias  U^,  the 
metal  Fermi-level  ia  aligned  with  the  aubband  minimum  Eq,  i.e. 
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f  ig.  i.  tunneling  condm  tance  dl/dU 
its.  bias  l'  of  a  Mg/SiO, /Si- junction 
•»l  T  ■  4.2  K  in  a  magnetic  field  ap¬ 
plied  (a)  perpendicular  and  (b)  par¬ 
allel  to  the  (unction  surface.  The 
bias  sign  refer*  to  that  of  the  met¬ 
al  rlectrude  W  denotes  the  subacra- 
8 

fe  bjjj,  f  ^  f  adulation  voltage). 


Fig.  2.  As  in  Fig.  1,  d*I/dU*  vs. 
U.  For  compai i»on  tne  B  *  U  curve 
has  also  beer  recorded. 


thus  the  period  AU  gives  direct ly  the  cyclotron  mass  / 5/ .  Typical  values 
of  Uj/CU  -l»o>  are  C.V&...I J.9?.  By  measurements  at  diflent  perpendicular 
components  of  B,  varying  the  tilt  angle  between  the  directions  of  b  and  the 
surface  normal  or  the  total  uuip.net  lr  rield,  we  get  the  same  cyclotron  masses 
as  given  in  table  1 . 


When  the  magnetic  field  is  swept  at  fixed  bias  U,  the  conductance  dl/dU  and 
its  derivative  dM-dlT'  exhibits  de  Haas-van  Alphen  type  oacillations  periodic 
in  (J/B).  Their  period  A(1/b)  is  inversely  proportional  to  the  effective  area 
in  the  k-planr  corresponding  to  a  number  of  states  N^fE)  per  -nit  area  of  the 
real  space 


H  j  )  ■  — - 


nfi 


nTTeT 


(6) 


where  -  2  is  the  valley  degeneracy  factor  of  the  ground  subhand.  The  en¬ 
closing  constant -cm*  t  Ry  contour  in  the  Ic-plane  is  aligned  with  the  metal  Fer¬ 
mi-level.  therefore  E  -  -  Eps  -  eU.  In  Fig.  3.  is  plotted  as  a  func¬ 

tion  of  applied  bias  U  for  three  different  junctions.  Obviously,  at  11*0  where 
E*EpS,  the  are  equal  to  the  densities  of  surface  electrons  with  no 
applied  bias  (table  >).  As  exptctvd  N^fU)  are  •*  night  lines,  and  their 
slopes  give  the  density  of  states 


dNk 

diE-E  > 
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dU 


JU 

dUFFV 


u  -  u 

o  t 
eU 


dU 
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Within  experimental  error,  the  density-of-states  masses  m  are  equal  to  the 

d 

cyclotron  masses  m  as  determined  above  (table  1).  The  extrapolations  of  the 
tines  to  •  o,  marked  by  arrows,  intersect  the  axis  at  biases  Uq  as  intro¬ 
duced  in  eq.  (3).  These  values  agree  within  a  few  mV  with  the  bias  positions 
of  the  dips  in  d'I/dl'2  jt  8  •  O  due  to  the  minimum  of  the  0-subband. 


r 


If  we  assume  the  validity  of  eq.  (1),  we  are  able  to  deduce  the  Dingle  tem¬ 
perature  Tr  from  the  magnetic  field  dependence  of  the  oscillation  amplitude. 


Table  1 . 

Result  s . 

junc t ion 

10  Mg  -  la 

4  Ti  -  4  r 

S  Ti  -  4a 

0.21  •  0.02 

0.21  *  0.02 

■ 

0.19  ♦  0.0? 

0.22  ♦  0.U2 

d  o 

S  (0)  cm'1 

B.I'IO” 

2 . b • I0l* 

2  . ■  1U1 1 

* 

19 

11 

9 

’Jo  ■  PFS  -  W* 


(3* 


second,  when  the  reverse  "threshold  voltage”  1)^  i*  applied,  the  occupation 
height  is  zero,  as  the  electnc  density  is  removed, 

O  -  Lrs  -  Eo  (le>.  (-) 

Using  the  linear  dependence  E  (U)  and  eqs.  (3)  and  (4),  an.  (2)  tan  be  writ- 
o 

ten  as 


fke  fiB 

— -  •  -  ■  All  - 
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Pig.  3.  Number  of  states 
in  the  lowest  subband  per 
unit  area  of  the  real  space 
up  to  an  energy  E  which  lies 
by  -eU  above  the  Si  Fermi- 
level  .  Data  are  taken  from 
three  different  junctions 
(T  -  4.2  K) . 


We  have  plotted  the  log  of  the  amplitude,  normalized  by  the  weakly  field  de¬ 
pendent  preexponential  factor  (X/sinhX;  X  -  2w*kT/ffci»c)  vs.  reciprocal  field 
and  obtained  straight  lines.  Prom  their  slopes  we  evaluated  the  Dingle  tem¬ 
peratures  as  given  in  table  1. 

At  biases  VHJ  no  Landau-level  oscillations  appear  in  the  tunneling  charec- 
o 

teristica.  However,  if  now  the  modulation  voltage  is  increased  by  a  factor 
of  10.  new  oscillations  are  visible  in  recordings  of  d'l/dU*  vs.  B.  In  bias 
sweeps,  these  oscillations  have  petiods  of  about  20  times  larger  than  thoaa 
of  the  Landau-oscillations.  Long-period  oscillations  of  similar  kind  ware 
firstly  observed  by  Tsui  /V  in  tunneling  from  a  metal  electrode  through  an 
oside  barrier  into  an  accumulation  layer  on  degenerate  InAs.  Ha  attributed 
the*  te  isr illations  of  the  effective  barrier  height  due  to  changes  in  the 
self-consistent  surface  potential,  which  occur  when  in  a  magnetic  field  or 
bias  sweep  the  Landau-levels  move  di scorn inously  through  the  InAs  Fermi- 1 e- 
vel  i  7/ . 

We  can  measure  long-periodic  oscillations  also  in  the  bias  region  U<Uo, 
since  the  high  modulation  voltage  overmodulates  the  short-par  iodic  Landau- 
oscillations.  Because  of  a  strong  bias  dependence  of  the  oscillation  ampli¬ 
tude  -  peak  values  at  negative  biases  art  mors  than  two  orders  of  magnitude 
higher  than  those  at  poeitiva  biases  -  we  assume,  that  the  bias  (i.e.  den- 


Ut  mV 


aity)  dependent  series  restistance  of  the  inversion  channel  is  responsible 
for  the  formation  of  the  long-periodic  oscillations,  since  for  large  reverse 
biases  the  tunneling  resistance  decreases  (Fig.  1)  and  the  series  resistance 
of  the  electron  channel  increases  with  diminishing  electron  density.  Accord¬ 
ingly  the  long-periodic  oscillations  reflect  simply  the  siagneto-oscil  1st  ions 
of  the  channel  resistance. 

Regardless  of  the  origin  of  these  oscillations,  in  contrast  to  tha  Landau- 
level  oscillations  they  arise  by  passing  Landau-levels  the  semiconductor 
Fermi-level.  This  enables  ua  to  extract  the  surface  electron  density  N#  ti 
a  function  of  applied  bias  from  B-sveep  measurements,  as  depicted  in  Fig.  4. 
The  arrows  indicate  extrapolated  values  of  the  Mthreshold  voltage",  which 
ia  needed  for  evaluating  eq.  /S/.  Tha  zero-bias  dsts  N  (0)  agree  well  with 
those  deduced  from  Landau-level  oscillations  (Fig.  3.). 


Fig.  4.  Surface  electron 
density  H#  as  a  function  of 
applied  bias  U  for  tha 
junctions  uaod  in  Fig,  3. 

(T  -  4.2  X). 
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dw  AtMk  ‘  I1 - M  At  Si-SKJ,  Interface 


Peter  O  H*hB*(.  S  Yo4ohimib)  and  M  Hentler*1 
IBM  Thomat  Watson  hr  march  Center 
Y<«ki«wn  Heights.  N  Y  I05«*» 


AMWt: 

Quail  ualH  C'ap*»>l»i»CT  Voltage  <t  V)- measurement*  bav*  been  performed  on  Stilt  I)  •  metal  nrtde  wmtconductnr 
iMOSl  structures  with  Jillrrcm  anil  well  known  atomic  toughness  The  norm-  roughrvn  mi  determined  on  in  atomic 
i- a  if  quantitative  l»  with  spot  profile  analyiit  o(  low  energy  electron  diffraction  pattern  (SPA-l.F.FD)  The  rciulti 
demonstrate  a  strong  t 1  'relation  between  atomic  toughness  and  interface  atate  dentil*  Even  aflet  an  additional 
p"»  mti  situation- annealing  <PMA)  treatment  when  aartace  Mates  should  be  minim. red  the  remaining  interface  tine 
drntilt  i*  firongl*  -or  related  to  'he  atomic  roughness  A  ample  model  which  it  mssnsiated  with  each  kind  of  tlep  atom,  t  e 
edge  hi  kmt  iiiiim  suggests  the  creation  of  a  dangling  bowd  and  therefore  a  surface  atate  can  explain  the  resu.it  The 
.  orrelaixm  of  the  filed  charge  Q.  to  the  atomic  roughness  can  he  determined  in  the  tame  way  Attaining  thai  tunned 
lU'itw  which  are  rtsponuMt  foe  Qf  i  are  located  preferentially  11  those  ttepa  or  kinks  which  are  alio  correlated  to  the 
dangling  htxidv  ai  ihc  inlet  face  we  ronlirm  ihe  general  opinion  that  Qfl>  ud  surface  aiaiet  have  at  leati  one  common 
ph vocal  origin  Ihe  iloitK  roughness 


Inver  non  layer*  are  two-dime  nnoDal  tynema  To  maderWsad  then  electronic  properties  n  li  very  important  to  know 
ihe  correlation  of  ihcu  structural  propernea  to  ihe  murface  atale  denalty.  which  a  (be  top*  of  Utit  paper  With 
SPA -I  F.rO  ftpoi  profile  analyiit  of  low  energy  electron  diffraction)  (l-B)  and  tpecial  aamplr  handling  •  method  it 
available  (6,9).  which  ror  Ihe  firm  lime  enables  us  lo  determine  the  step  density  quantitatively  at  the  mtctface  Tint 
method  is  bated  on  a  kinematics)  approach  of  tFFD-tbcory  (1.2) 

In  prrvioui  rfudtei  (6.9)  we  have  ihown  the  influence  of  the  oxidation  parameters  on  Ihe  atomic  ronghnru  ai  the 
Si-StOj  interface  The  roughnett  depends  on  all  oaidalion  parameter*  ( tee  Table  1  and  ref  6.9  )  Similar  a*  Rcvru  cl 
a!  (26)  we  proposed  a  mode)l6>  introducing  a  roughening  and  a  smoothing  factoi  to  explain  the  results  The  random 
proem  of  the  diffusion  and  the  random  reaction  of  oxygen  at  Ihe  interface  it  ihc  roughening  effect,  which  should  increase 
the  roughnett  with  growing  oxide  itnchnest  On  the  other  hand  in  thermal  equilibrium  a  smooth  ncp-frac  surface  it 
energetically  favored  umilai  to  the  free  surface  of  ulicon  Therefore,  diffusion  of  oxygen  and/or  silicon  tmoothent  the 
inlrifscc  depending  on  temperature  ambient,  and  duration  of  heat  treatment  The  balance  between  roughening  and 
smoothing  determines  the  final  roughness 


In  an  earlier  study  1 10)  wr  had  reported  the  influence  of  Ihe  atomic  longhnesa  on  the  mobility  in  MOVinvtruoo 
layers  by  measuring  the  Hall  effect  and  conductivity  in  ■  tempers  lure  range  from  4  2K  to  room  temperature  As  a  result  it 
wax  found  that  there  exists  ■  strong  correlation  between  Hatl-mnhiMy  and  atomic  roughness  at  high  inversion 
(9sl0,2cm  ’).  indicating  that  the  product  of  nsobOtly  and  roughness  is  nrarly  constant  (tee  Table  It  The  aim  of  this  pa  pet 
la  to  determine  directly  and  quantitatively  the  correlation  of  the  atomic  roughness  on  aa  atomic  scale  with  the  interface 
mate  de nasty  as  derived  from  capacity  (C-V)  mamma  menu 


Similar  sample*  as  dmcusaad  and  described  ui  the  previous  paper  (10)  for  measurement  of  mobility  and  alomic 
roughness  were  uend  for  Ike  CV-meaxuremenu  We  need  2-IOOcm.  n-type  (pbospborm  doped)  (lit)  oriented  Si-chip# 
At  fcptaumd  in  our  previous  study  CIO),  owe  thtrd  of  the  chips  curried  only  the  (aU  oxide,  from  lh»  area  samples  wei*  cut 
for  measuring  the  atomic  rough  asm  with  SFA-LEED  Two  thirds  of  the  chips  were  covered  with  the  MOS-franuttort  as 
man  in  Fig.  I  These  MOS-at  met  area  were  aaad  for  the  CV-maaaaramaau  too.  Th*  source,  drain  and  HiB-coatects  ssere 
floating  The  vakaas  of  the  Interface  mate  de natty  (N^)  were  determined  by  the  quasi  static  lachuxjue  (11-12)  and 
measured  by  a  computer  tied  C-V-nnalysb  system  Simaheaeowaty.  the  I  MHx  CV  carves  were  measured  using  the  cwrrent 
mrner  (Keithley  427)  and  the  capacitance  meter  (Booatoa  Model  72BD)  The  ramp  voltage  was  swept 

-  0  4~0  5V/aec\  from  -20  to  20  Volta  amnmattcaSy  First  the  asmplai  have  been  me  award  directly  after  gale 
difSutot)  and  meuBiiiuoo  without  any  fart  bet  beat  treatment  A  second  ast  mare  meal  has  been  performed  with  the 
identical  sample*  after  a  post  metaUtxaUoo  annealing  (FMA)  in  formtag  gm  (10%  Hj.  90%  N}  at  400 *C  for  20  min  ), 

Amtyta 


Surface  eute  dsnahy  was  obtained  by  comparing  the  mtanmrd  quasi  static  CV -curve  and  the  theoretical  cum.  The 
I  hick  asm  of  the  oxide  wan  obtained  from  capacitance  measure  meal*  at  I  MHx  for  wrong  accnmatation.  The  gate  area  was 

7  2  i  lO^c m*. 


m. 
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A  Ammir  Rang* user 

On  Ihe  mam  chips  with  the  MOS  structures,  the  imp  Mom  denalty  at  the  St-SiO,  interface  has  been  datrrmiaed 
qusaritaiivtly.  mtag  the  evahaarkm  procedure  as  deaerfbad  In  16.9)  The  results  are  +osvn  la  Table  I  The  aamericsl  vatuc* 
of  step  atom  density  are  derived  from  many  measure  manta  at  different  posh  loua  on  (he  mmc  chip  forming  an  avenge  vahsr 
and  Mi  mean  deviation  The  table  exhibits  the  rorrviaUoa  of  (he  atomic  roughness  to  (ha  mobilny  at  4  2K  for  high  earner 
concentration,  diecuaaed  in  f  10) 


I  Immfmc*  Sraar  Osuitfy 

The  interface  state  dsastty  for  aU  four  kmda  of  MOS-wructwm  la  ahowa  m  Fig.  2  R1  and  R2  ware  processed  in  the 
same  experimental  run.  except  that  the  adthtwual  annealing  in  inert  atmoaphtr*  war  carried  out  only  for  R2  Comparing 
Rl  and  R2.  we  observe  that  Rl  ahowa  ■  rtmarkaWy  higher  Interface  state  density  than  that  of  R2  throughout  the  ewtkt 
gap  The  mme  relailouahrp  was  found  for  mmptai  R2  and  R4  Fig  2  shosrs  tba  Mfhmnce  of  the  FMA  treatment  on  the 
density  of  amt  far  lamp  lei  Rl  and  R2  Pig.  4  exhibits  the  same  decrease  of  the  denalty  of  Warns  of  R2  and  R4  due  to 
PM  A  t  reatme  at  From  afl  them  curves  the  average  dnwky  of  wale*  srm  demrmloed  and  added  in  Table  I  with  and  without 
"  Fhrmuuent  address  laWNM  I  FesikorperpbyWh.  U al versa y  Hannover.  2000  Hawaovur.  Appahu  2.  West  Germany  FMA-lreulmeot 

*'  Pr  rum  want  adWiw  Daps  of  Eiactneal  Erpnankg  HtroWWm  Umvurmty.  IhWami  Swyo-cbo  “g--""  724,  Japan  C  Fund  Ox  Mr  Chaff* 
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r  t  apecm  o'  MOS  .trwciurr 
V__  rial  hand 

vJJ  iheoettH**  ^ai  band  vohagt 

h  if»«  <*  Mf  IS- car  act  are 

14  r  let  Iron  .  baepr 

<J  .  interface  Male  .barge  »i  dal  bj,Hj 

Wt  Ka«>  to  a»M>m«  i hat  moil  ol  the  interface  Mate*  at*  acceptut  like  breau.*  O*  alwayt  imaller  lhan  the 
imer'ace  n»f  tfrM.it  It  lolk-wt  that  <),a  *v  «h*  of  Ort  and  V  l«  lahl*  t) 


Iht  data  ibnwn  in  TaN*  1  foei'irtn  .he  general  tread,  of  the  puhhahwd  rt*p*edea.mt  of  the  peocemtng  vari.hk.  on 
etc. from,  jtar  jaacir"’  il«  ...  *  >«  the  Iimi  nmc  w*  meaaurrd  in  addition  the  atomic  i-ujhn*..  •'  Ihe  S»-SiO|  interface 

.,uan<.talit*i>  (  iMipviitt  Ih.  data  •*  we  quite  trfcdfh  that  there  emu  lining  cm..  Istion  between  the  aluenic  roughnei. 
and  »>.»:h  the  inter  f*.-e  till*  Oman*  ah.1  .be  f-aed  .barge  l),„ 

tathet  Mtaib-ciMbla  It  *»i  ha.*  ihown,  »  ln» temperature  aatwal  in  nitrogen  doe.  not  change  the  roughnctc 
riWicliM*  »e  can  ...urn.  bat  an  anne.l  during  PMA  doe*  no'  change  the  rough**..  either,  be.au**  the  interface  not 
S*  pto.idro  *>th  ni)(*n  AI-.O.  S.H4  which  may  be  .naiad  *■  UM  interlace  tan  not  cv.poeal*  a.  it  tan  at  tbt  Iree  tilt. on 
miFjc  during  reaction  *nh  atom*  brdiog*nf2«)  Therefore.  *t  caa  conclvd*  that  a  low  temperature  anneal  m  forming 
gat  »  II  a-t  chance  Ih*  roughae*.  C  narpa/inf  ih*  roughnrw  »nb  the  Jau  ol  Ib*  PM*  treated  inmptei.  W»  ohwr.e  ih* 
tame  .iron*  coerehiiio*  The  nwlti  farther  coof-rm  a  ttrmt|  correlation  to  the  total  hard  .barge  <Jflt  *ilh  and  »lth.mi 
i'Mh  l  onudenog  lb*  *h<dr  tel  ul  dan  H  wen.  ihal  the  aromte  roughaet-  plan  the  dominant  role  controlling  Ih. 
inter  (are  propertwa  Bm  *r  have  to  keep  in  mind  Ihal  the  MOS-etnacturei  dnruucd  here  were  peocetaed  l»  produce  a 
high  atomic  roughnvii  to  make  the  influent*  of  (he  rough  neca  voibic  and  meatueabk  New  mcaaurcmentt  »Uh  an 
improved  SPA-1  rHV*.«tem  (2’>  «how  thai  the  ronghnatt  can  he  derreaard  further.  by  chooam,  the  nghl  oHdaimn 
condition  to  a  .aloe  loner  than  I1*-  «lcp  atom  drntrty  (2d) 

Heudet  Ih.  IIIMBK  roughnci.  tber,  eaiati  a  oupW  of  other  eiplanatmat  f..r  in*  da*cua*cd  behavior  tuch  a*  neutral 
anJ  .barged  impuriurt.  (26)  mobile  »r-c  |ll.J2l  radtanori  damage  till,  pmnt  defetta.  vacancte.  IM.I1I  and  oehert 
Bruce  I  Deal  Uhl  peop.ned  a  model  and  claaaifird  all  know  a  pence.,  dependent  rffecta  m  fowr  diffeerol  cllegonei  II 

IJUt  ined  pmuitte  Charge  2  N,T  fiat  micrfac*  ttatra.  )  N^  trap*  *  Q„.  mobtl*  Iona*  We  .an  ctptaia  our  retulli  with 

an ’c Mention  of  ihit  model  He  captained  the  interface  tiaiet  Njy  with  atKompcaaeted  dangling  hoodt  at  the  interface 
afinb  fan  be  aaiuratert  wiih  hedeogen  f  unber  in  interface  Mate  can  be  created  by  a  muting  orygen  atom,  which  u  alto 
ittpomihk  lor  the  Ofll  'Ciplaiaiag  0fl,~  N,f) 

We  tuggett  ihal  both  rflcctt  have  the  tame  phyawai  origin  They  aaa)  be  earned  by  the  pontx*  of  a  ailicon  atom  ai 
ibe  interface  and  the  arrange  me  at  ol  the  neighboring  ainma  *tueh  can  create  the  dangling  bortda  and  therefore  turfite 
tiaie*  la  w  model  ere  taggeti  aow  that  every  atom  at  the  interface  hat  a  certain  probability  tv  create  a  dangling  bond 
depending  on  rhr  potaitoa  of  I  he  atom  The  more  dwambrd  tha  atom  poutma.  I  he  grtaUr  ihal  probability  *  <ier»nce  atom, 
edge  alum  kink  atom  I  H  loe  -nataaee  the  peobaNhiy  m  aero  foe  terrace  atom*.  It  it  Mill  0  1  l«h,  foe  aa  edge  nom 
wh«b  ate  am  that  I  Of-  tono  edge  atom*  yield  on*  gnrface  Mate  Thereloe*  wr  eipaet  t  4-14il0"  torface  atatat  foe  the 
aampl*  PI  whirl,  it  -eaaonahie  cnaapar.a«  with  ib*  da'a  iTaWe  I.  kilo")  Punbec  •«  aaaume  a  ktak  atom  bag  a  higher 
pr.rf.ah.il- *  -for  HMtance  i  H»w,|.  brrauae  lb*  d»;oiiiun  rt  anrt  nriMi  II  w*  conalder  a  probabrhly  of  OwlO'h*  l«*  tiepa 
random!,  dutn bated  ■*  it.  d.rvctmat  than  ih*  probabtbty  of  flmhog  aa  edge  Mom.  .a  the  fj»t  dMeeiton  it  E  and  alto  in 
ibe  tecond  dtreclion  The  paohabtbty  of  finding  a  h.ak  Mom  baa  i®  be  at  Natl  (  ,  )*{  j  )  *  , 

Th*  meant  ibM  a  ratfaeiioa  b>  a  facia*  of  two  oe  three,  radacat  ibe  aamber  of  meface  Mate*  earned  by  kraia  by  a 

facto*  of  4  9  whKb  may  aaffam  ibe  decraaae  of  III  to  B2  Phi A  treatmaa*  peontfa.  tha  »wf#*e  Maiaa  »nh  atomic 
hydrogen  wMch  taiar  tie.  ibe  arnface  Matey  lo  a  hfk  tfagre*  leadmf  lo  a  fun  her  dec  re  ant  of  the  MM*  tfaaahy 

fhn  >«  a*o  V«*d  ti  Hi  awd  *4  la  rhr  erne  of  fkr  oe*  wtatfMImr  at  «).  (hr  lOtarlac  *  ahead j  proved  whb  a  kM  of 
bydropea  and  thervfore  ataay  hagai  booth  gee  aatnrat atf  TIM  tegfama  the  retotivefy  Ugh  value  of  Ri  a*  Ih*  kptaaj 
wteb  Man  Mtowt  an  eaeeptional  mnbllty  [  10) 
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Siaee  aiomw  rougbnett  ha*  mat  yet  been  mi  aaa  red  ouiaiilanvely  *  It*  where  a  comparnoa  it  not  poaMMt  m  ibit 
repaaci  The  tiltaaavt  bteralar*  data  oe  akctroeoc  peopamea  of  the  b/liOj  laierfam  and  oa*  pr* now  4at«  (6  *  101  may 
be  uaed  foe  aa  aid  ire  Cl  companion 

The  data  taken  from  ihc  bieraiue*  are  aammaniad  la  Table  II  lacreaamg  iM  aaidaimn  temperature  fee  dry  aad  for 
•  wti  ondiiion  leadt  ia  both  caa*.  lo  •  tfecreiK  .a  0(1,  N„  (11-22)  and  the  atomic  roaghneta.  too  (ace  Table  111  To* 
nude,  thicker  I  baa  JOnm  the  rougbaeat  a  ladcpehtfaal  of  I  hr  oaide  ihackacm  (4,9)  The  urn  behavior  thaw  y„§  a  ad 
N0  1 19)  Tbianar  ondci  arc  remarkably  rougher  (4.9|  Bel  dae  lo  a  lack  of  (CV)  m*a*ar*mtaia.  there  «  no  companion 
pmtible  lot  i bet*  under  (TO)  Anacabng  m  an  inert  atatoapber*  (Me  Nj  at  high  icmpcraturei  ngmfictai ly  decreaaet  <be 
maghnett  (6.9)  and  <J/tl  1 11,21)  Johnton  ei  a)  (2))  ahowed  aho  a  dr.reate  for  N,,  bur  ia**e  carvel  keep  <hcu  lyptcal 
V-ghape  for  Nj-anbtafiag  N,  and  argon  annealing  reaoHt  in  tb*  tame  behavior  (II)  Tbet*  ret  aba  are  unnamed  and 
dctcribcd  by  ib*  go  called  'dry  otygen  inangle"  mirodaced  by  B  Deal  111)  *«  caa  now  rawly  add  ibe  new  parameter 

a  roam  rougbneci.  which  depeodt  on  the  oeidenoa  temperate.e  Aeneitrag  <a  dry  N,  flwayt  reduce*  th<  .oeghnrag  ft) 
Ihc  lower  ibe  lempcrai*'*  ibe  kuigei  im  annealing  ume  required  to  produce  the  tame  ronghacat  Taw  cut  node  act  of  the 
roughnet*  data  with  all  kind*  of  cltciroauc  data  t*  a  very  ttnltag  wappnrt  of  oar  model  which  rtveah  the  edge  atoaan  a* 
tourcc  for  interface  uatet  Njy  aa  wall  if  to •  fitad  chargee  Qf|>  Fatthar  we  hgva  condwded  from  our  rougbnett  dau.  that 
a  PM A-iraatmeni  wiH  not  change  'ha  roughaem  (*i  Ir  etuo  thoard  not  change  0fll  (IS),  bui  rt  deentaaa  N„  draataitcally 
i  II  21)  which  caa  be  ciplamed  by  uieraiing  tbt  dangling  bond,  with  hydrogen  Johnton  *t  al  (21)  gbowed  ibat  a  high 
lemperatuie  anneal  in  Nj  deertatea  the  tarfac*  Mate  deafiiy  bat  kaapt  tha  V  tbapa  tfamhunon  The  aamber  id  ttep  atotnt 
•t  reduced  An  additioaal  PMA  redaceg  Nn  fun  her.  barf  alto  ebanget  tfaatnbatioa  at  the  denwiy  of  tiaiet  Therefore  the 
be,  I  IKK  rf  ace  it  obtained  by  opttmam  amootbrwt*  of  the  laicrfacc  (high  Mmpafatury  **t  anneal  J  and  by  aatueaiMm  of 
dangn.ig  bontlt  (PMA)  The  only  wet  uaitfaitoa  it  very  tomptai  Water  tacreaaai  the  'ougbnrn  (6.9)  doe  to  the  high 
ondelMift  rate,  bul  K  alto  providci  ih*  mterface  with  a  kd  of  hydrogen  which  tatante-  the  dangling  boneK.  to  ihal  NM  wilt 
decreatc  finally 

In  the  cate  of  Q||a  mcrraaeoientt  and  dccrcaacmcnu  (13.20)  have  been  ahaarved  according  lo  the  iwo  competing 
effect!  (roughnegg  inert  ate.  hydrogen  providing)  Different  kindt  of  cleaning  peocaaeei  (23)  end  up  wMh  different  kmdt  of 
lontire.muon  oe  degrtet  of  rleanlincu.  which  can  add  Q(ll  and  icUted  citlem  bacaut*  the  (mpunliet  are  moaily 
locate  J  ai  ibe  interface  at  found  with  AES-depth-peofiliag  A  timug  dependence  of  etate  denuty  Nn  and  charge  0„,  «. 
ul  icon  .wicntetion  ha*  bern  olncrvcd  w*ih  deagiiKt  nearly  a  factor  of  2-J  higher  for  ih*  (III)  face  comp-red  with  the 
1 1 1)0 1  face  |  IS. 16)  A  miming  uraiUr  quality  of  the  ondet  the  pbygacat  renaon  foe  thaa  difference  mutt  be  tb*  interface 
Ibe  ratio  vf  ibe  minimum  ti*p  height  of  (III)  and  (100)  facet  w  )  U'O')  )>TJ.  ic  a  facto*  of  2  )  The  SPA-LIED 
dan  .bow  u>  gamilar  denwiwt  of  edge  atom*  foi  both  oeicnialtoni  aJlct  idemical  ircalmcbU  (9)  A  higher  ttep  coamturei 
a  tironget  diiiottun  ai  ihc  Hep  edge,  which  might  eipUin  (he  difference 


The  rciulit  demonirraic  quite  clearly  ihal  the  atomic  loogbacea.  which  tt  now  qoiniitetivtly  meannrtabie  with 
SPA-LtCD.  hat  a  dccttive  mnuance  on  ad  kintfi  of  dacirnai  properflet  of  MOS -device*  Obvtoaegly.  edge  aaieg  arc 
pitferreJ  tilai  lor  both  turface  Malta  and  oud*  charga  Hydrogen  treatment  cnacala  thorn  cancan  only  parlutly  To 
obtain  low  valuai  of  0,.,  and  NM  ii  i>  nacamary  lo  both  unooth  Ibe  loterftca  (high  lemparmtiiee  aaaaal  m  maei  atmoa- 
pher*:  and  lalureic  the  dangling  boadt  (PMA-trcaimaai) 

Therefore  il  i*  very  imponant  lo  raeanire  and  lo  control  the  interface  rooghacta  foe  *11  new  peocadmti  aapaclaWy 
wub  thiri  oiidei  in  VLSI 


We  are  indebted  to  D  R  Young.  F  Stern  and  G  W  RuMoff  for  very  helpful  daacuauou.  aad  rcadmg  Ih*  manmcnpi 
md  lo  M  f  ivc hem  for  awful  tfiu.ua*woa  and  performing  i*c  y(la  calcvfaoon*  The  liiicon  aampfri  have  been  kindly 
pruvnl.-J  by  Wicker  Cbamitroiuc.  Batgbaawa.  f  R  Oermnny 
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ZVTICAl  PRQFERTIE3  OF  STAINED  InBG*,..A%  MULTI  OjAimjn  *ELL  STRUCTURES. 

J-V.  MARTIN,*.  OUIU.FC,E.V.k.  RAO, 6.  LEROUX  *nd  L.  GOLDSTEIN 
C.N.E.T  I9i  rum  4m  Psnm, 9^220  BAflNEl'X 
i FRANCE l 

ABSTRACT  • 

Mm  prtM^ t  photolu*in**cenc*  md  absorption  —  asut wn t »  on  MoleculAr 
Bm*m  EpitAxy  grown  I n^Sa , A* -G*A#  aulti  quantu*  well 

■tructur**.  The  low  temperature  'eaul**  «r»  interpreted  in  teres  of 
*>:citomc  transi  tionsm-l  srd  n«2  heavy  Sol*  **citons  Art  «e*n  in 
Absorption  while  th*  luainescence  «p*ctru*  exhibits  only  th*  n«l  •:  itonic 
I  in*. 

Th*  possibility  0+  qrowi ng  thin  ei***tch*d  lAy*rs  on  a  substrate, whi th 
•lAstic  accomodation  o f  th*  aisaatch  by  strain  (1>. enlarges  th*  choic*  ot 
tn*  s**i conductor*  u**d  fo r  designing  h»t#rostructur*s. Osbourn  *t  al.  first 
gr*w  SaR-GaAsh  P,_*  tup«rl attic**  and  studied  th*ir  optical  prop*rti*s  12). 
rh*  In ^  5a,. „ A*-6aAs  «y«t*m, in»oln ng  two  dir*ct  gap  semiconductors  was  th* 
n*xt  to  b*  inv*stigat*a,and  th*  f«a«ibi|ity  of  Mol  ocular  Beam  Epitaxy  grown 
In^  Ga,.*  As-G*As  quanta*  w*l  l  h*t*rostructur*s  hav*  b**n  demonstrated 
' 3, A > . Th i s  system, because  of  th*  *l*ctronic  prop*rti*s  of  10^0*,.,^*  and  of 
tn*  '.is*  of  G*As  substrata  is  potentially  interesting  for  optoel ectronic 
d*vic*s.Th*  object  of  tn*  pr*s*nt  wort  is  to  r*port  an  expert eental  study 
cf  th*  photo!  uminescenc*  and  absorption  in  such  •  structur*.To  our 
k now! edge, w*  obs«rv*d  for  th#  first  tia*  cl*ar  excitonic  transitions  in 
quasi  two  dis*nsion*l  l«y*rs  oth*r  than  GjAs. 
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Th*  results  pr*s*nt*d  h*r*  war*  obtain**  on  a  saapl*  which  structure  is 
shown  in  th*  ins*t  of  Fig.l.Th*  OaAs  buf f*r  layers  ars  1.6f»  thick  and  th* 
aulti  quanto*  wall  structur*  consists  in  10  periods  of  In^Ga , As-flaAs. It 
was  grown  on  (100)  QaAs  substrata  by  Molecular  B*a*  Epitaxy. Th*  coaposition 
x  of  th*  In  a  Ga^A*  layer*  and  th*ir  width  L  hav*  b**n  extrapolated  fro* 
a*asurM*nts  on  thicker  layers  grown  in  th*  saa*  conditions. They  at* 
assumed  to  bs  x*.  13  and  L«110  if,  and  th*  unstrained  lnHSa,.v  As  layers  should 
thus  present  a  .9%  aisaatch  with  OaAs. Transai salon  Electron  Microscop* 
analysii  of  a  thinned  bevel  showed  that  a  low  dislocation  density  appears 
in  th*  saapl *, located  only  at  th*  interface  with  th*  first  buffer 
layer. This  was  not  th*  case  of  thicker  structures  which  contained  auch 
higher  dislocation  concentration  and  showed  poor  optical  properties. Because 
of  these  results,***  can  assuee  that  ttrm  rsngm  of  In  composition  and  of 
thicknesses  is  such  that  the  Ir^Sa^As  layers  are  strained  while  the  OaAs 
one*  are  not. Though  it  should  be  necessary  far  higher  *  or  thicker 
structures,  we  did  not  need  to  use  Qraded  buffer  layers  to  eatch  th# 
equilibrium  parameter  of  th*  periodic  structure  with  that  of  th* 
substrate. F i nal 1 y , the  period  of  th*  structure  on  xhicb  th*  critical  data 
presented  her*  were  obtained, was  accurately  **asur*d,by  double  crystal  X 
ray  diffraction, to  be  297 £2  S. 

Photol u*i nescence  was  excitsd  by  a  focused  spot  of  the  3149  A  line  of  an 
A r**  ion  laser. Th*  eeitted  light  was  dispersed  by  a  1.3a  focal  length  Jobin 
Tvon  grating  aonochroeator  and  detected  either  by  a  dry  ice  coaled  SI 
cathode  photoeultlpller  or  a  liquid  nitrogen  cooled  Be  detector. The 
resulting  signal  was  amplified  with  the  usual  lock-in  technique. A  quartz 
iodine  leap  in  coebi nation  with  a  aonochroeator  was  employed  as  a  source 
for  the  single  transmission  experiments. 

Fig. i  shows  the  evolution  of  th#  300K  luminescence  spectrum  obtained  by 
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waving  th#  (-citing  spot  (long  *  chemically  etched  bevel  <*##  i  nift ) .  Thf 
tptctru*  observed  in  point  A  contain*  thr—  peeks, located  at  1.3,1.39  and 
1.42  eV.Th#  latter  it  th#  usual  near  band  edge  — isslon  of  6aA«, and  it  it 
also  observed  in  P  and  C. while  th#  two  other  lmn  decrees#  in  intensity 
and  vanish  when  the  spot  is  saved  to  point  6  and  ".This  proves  th«se  peaks 
are  associated  with  th#  periodic  part  of  the  sample. containing  the  In^Ga,.* 
As  layers. 

Fig. 2a  shows  the  2k  absorption  spectru#  deduced  fro#  sir jl#  beas 
transmission  experiment .  This  sp#ctrus  contains  two  peals  at  1.38  and 
1 . 44#V . As  we  have  ver  i  *  i  ed,  tho—  peaks  are  due  *o  th#  aulti  guantu#  w#l l 
structur#  ana  not  to  the  substrate, and  they  are  likely  to  be  the  low 
temperature  equivalent  c*  the  300k  luminescence  line*. The  shap#  of  the 
absorption  peaks  are  typical  of  excitonic  absorption  ' *#e  «or  example 
'#♦.5  .Me  attribute  them  to  th#  creation  n f  excite n*  formed  respectively 
from  n«i  and  n»2  electron  and  heavy  hole  quantum  levels.  The  300* 
luminescence  lines  are  then  interpreted  as  th#  corresponding  <4p-0'  band  to 
band  transit.cns.To  check  th#  validity  of  this  interpretation, w#  hav# 
calculated  the  positions  of  th#  quantum  levels  in  th#  lnKQ#l.|l  A* 
wells, taking  into  account  i  >  The  variation  o*  the  band  gap  of  bulk  InBGa,.K 
As  with  r.  as  in  ref.  6  ,  tilth#  increase  of  this  band  gap  and  th#  splitting 
of  th#  valence  band  due  to  the  strain, assuming  the  QaAs  barriers  are 
unstrained, u tier  offset  between  the  valence  bands  of  GaAs  and  InMGa,.M  As 
.following  ref. 7  and  interpolating  the  InAs-GaAs  value, i i l i ) the 
quantification  of  the  electron  and  h#avy  hole  lev#ls  in  the  growth 
direction,  wi  th  a  linear  interpolation  on  the  mlmctron  mb#  for  In^Ga,^ 
As. Me  sad#  this  calculation  using  th#  following  values  of  the 
parameters:  el  ectror  mass:.  067  *.f  or  3*As  and  .043  •*  for  In  6a_ .-As, heavy 
hole  masst.3  m ,  .deformation  potential  si a*-fl  »V  and  b»-2  ev  (B).For  *-.I4 


and  L“ 1 20A, and  assuming  a  10  m#V  esc  1  ton  binding  energy, w#  find  a  good 
agree— nt  between  the  expert  sent al  line*  positions  and  th#  n«i  and  n«2 
h#av>  hoi—  excitar*  calculated  energi— .Me  oust  note  thati  lithe 
transition  correspond: ng  to  the  excitqn  formed  with  the  light  hole  band 
should  be  weaker  than  the  transition  observed  at  1 . 44eV  —inly  becaus#  of  a 
tower  density  of  state,  n>  —  had  to  tak#  for  th#  ca#po* ltian  and  thickn— s 
of  th#  InH6a,.M  As  layer  slightly  different  valu—  compared  to  those 
obtained  from  th#  growth  condi t ion*. Thi *  last  point  is  not  surprising 
becaus#  th#—  valu—  are  not  very  precis#  (of  th*  order  of  10X),and  other 
parameters  are  not  very  well  known <a,b, of f — t > . 

Fig. 2b  show*  the  2K  luminescence  spectru#. Th#  dominant  1  in#  occi^s  in 
th#  vicinity  of  th#  n*l  exciton  absorption  peak , so  w#  attribute  it  to 
excitonic  transition*  in  th#  — 11*. Tm*  luminescence  line,—  — 11  ae  the 
absorption  on— ,  i  *  rather  broad.  This  broadening  can  be  due  to  s— 11 
composition  mhowogenei 1 1—  or  fluctuations  in  the  —11  width, which  canal  so 
account  for  the  small  discrepancy  between  the  absorption  and  1 umi nescenc# 
n«l  1  in#  position*. 

Let  us  mention  that  th#  great  efficiency  of  th#  lu#in#*canc#  and  the 
clear  observation  of  excitonic  transitions  show  that  this  structur#  is 
likely  to  correspond  to  th#  *a—  situation  as  in  8a*  Al,^  A*-6*Aw 
h#t#ro*tructur— .where  both  electrons  and  hoi—  are  confined  in  th#  seal  1 
gap  1  ay#r*.  Thi  s  fac*  is  in  agree— nt  with  our  staple  model. 

To  sumweriz#, —  hav#  performed  luminescence  and  absorption  experiments 
on  a  lnx8a,,„  As  strained  aulti  quantum  —11  h#tarostucture.  In  tha  low 
t*«P*ratur#  transmission  experiment,—  hav#  observed  two  absorption  peaks 
which  are  Interpreted  as  n-1  and  n-2  excitonic  transitions. At  the  sa— 
teaperature,  th#  i  uai  nescenc  e  spec  true  consists  in  on#  1m#  associated  with 
th#  n»l  excitonic  recoabination  while, at  300k,  it  mclud—  both  n«l  and  n«2 
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•ubband  to  subtend  transi t i ons. Further  experiaents  are  required  to  have  a 
better  understanding  of  the  detailed  band  configuration  of  those  strained 
eulti  quantua  well  structures. Our  results  prove  however  they  can  exhibit 
excellent  optical  behaviour. 
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300  K  luainescence  spectra, 
obtained  for  different  points 
along  a  bevel 
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Fig. 2 

a)  Absorption  spectrue  at  2  K 

b)  lualnesconce  spectrue  at  2  K 
(with  the  seed  energy  scale) 
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NEW  EXPERIMENTAL  RESULTS  FOR  ELECTRON  TRANSPORT  IN 
WEAK  ACCUMULATION  LAYERS  ON  ZnO  CRYSTALS 

W.  Thoren,  G.  Heiland,  D.  Kohl,  H. v.Lbhneysen ,  w.  Platen, 

H.-J.  Schink 

2.  Phys  ikal  isches  Institut  der  Rhelnlsch-Westf  51  ischer.  Techni- 
schen  Hochschule  Aachen,  V  -  5100  Aachen,  Germany. 

Abstract 

PrewoJS  Hall  measurements  on  (0001)  and  0001)  faces  of  ZnO 
have  shown  a  mobility  oscillating  as  a  function  of  surface 
electron  density  in  the  range  between  «  106  and  lO^cm”2  (1). 
Here  we  report  on  new  results  obtained  by  a  field  effect 
arrangement  for  free  surfaces  in  UHV.  With  donors  froei  H  expo¬ 
sure  cr  by  illumination  weak  accumulation  layers  (N#  £  lO^cnf2) 
are  established.  The  field  effect  shows  oscillations  in  surface 
conductivity  as  a  function  of  gate  voltage.  Also  the  combina¬ 
tion  of  a  field  effect  with  a  Hall  effect  measurement  reveals 
distinct  surface  electron  densities  Kg.  Various  pretreatments 
do  not  change  the  periodicity  of  these  oscillations.  Necessary 
preconditions  are  a  temperature  below  130  K,  a  surface  electron 
density  below  Jxif1  Jcir.  2  and  a  source-drain  field  in  the  order 
of  a  few  V/cm . 

A  model  regarding  impurity  levels  in  the  space  charge  layer 
relates  the  results  of  the  field  effect  measurements  to  the 
results  of  the  Hall  effect  measurement. 


CORRESPONDING  „  , 

INDUCED  CHARGE  DENSITY  QSI/e  (XT  cm2) 


Fig.  1  Surface  conductivity  o#  es  a  function  of  the  gate 

voltage  V  increasing  from  -800  V  to  *800  V. 
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(1)  E.  Veuhoff  and  D.  Kohl,  J.  Phys.  C  14  (1980  2395. 
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Quantum  Transport  in  Semimagnetic  HgMnTe  Inversion 
Layer  a -Ex  per  iment  and  Theory 

G.Grabecki,  T.Dietl,  J.Kossut,  and  W.Zawadzki 

Institute  of  Physics,  Polish  Academy  of  Sciences 
02-668  Warsaw,  Poland 

The  first  experimental  and  theoretical  study  of  MIS  stnuctures 
containing  localised  magnetic  moments  is  reported .  Hg1  Te 
3tmctures  with  energy  gap  ranging  from  50  to  POO  raeV  have  been 
investigated  . 

In  contrast  to  MIS  structures  not  containing  localised  moments, 
a  pronounced  temperature  dependence  of  the  positions  of  SdH 
maxima  has  been  observed.  A  theory  of  two-dimensional,  semi- 
magnetic,  narrow-gap  structures  has  been  developed,  which  accounts 
Qualitatively  for  the  observations. 


We  nave  investigated  experimentally  MIS  structures  which  con¬ 
sisted  of  ar.  aluminum  film  evaporated  on  a  thin  Mylar  foil 
(a  um>  attached  mechanically  to  the  surface  of  p-type 

ligj  _xMnx7e  *  P-101^  cm’*>.  The  semiconductor  surface 

was  prepared  by  mechanical  polisning  and  etching  in  bromine- 
-r.etr.ano I  solution.  Capacitance  measurements  vs  gate  voltage 
CCV.)  have  siown  a  good  stability  of  the  structures.  The  total 

t. 

electron  surface  density  M#  is  varied  by  changing  the  gate 
voltage  according  to  relation:  Ng  =  ^^g"'fth)*  w^ere  vth 
*. r.e  inversicr.  tnreshold  voltage,  corresponding  to  a  crossing  of 
toe  /’em:  lev*  I  ann  the  conn  action  band -edge. 


J  .f  f  -n-r.tial  rondjetiv ity  do/dV 


vs  gate  voltage  for 


various  na.-:\e tie  fi-  ia3  is  shown  in  Pig.l.  A  standard  sharp  in- 

of  tf. .  rlvi  i  nobility  near  Vgs°  corresponds  to  the  iri- 

r.  threshold.  Tne  decrease  of  the  mobility  for  >  150  V 

to  tr.  increase  of  tr.e  surface  scattering  rate,  which 

v. r  ' r.  tv  >.  ..ctrona  are  driven  closer  to  the  surface.  In 

ic  fielu.a  ’  27  magneto -conductance  oacillationa  are 

•-d ,  iniietrir;  a  Sufficient  nobility  of  the  surface 

ons  u  >  5*t  *'  c-‘/7.s.  Vwo  periods  of  oacillationa  are 

■.  :J ,  irrj  ic.*’ in*  •  *  •.  electrons  occupy  at  least  two  electric 

)  s .  7ro-  '.v.  ,  *•?  reduce  that  for  V  >  5  GV  about  70%  of 

£ 


electrons  are  in  the  lowest  suoband.  This  is  in  agreement  with 
calculations  for  Hgj  xCdxTc  possessing  similar  band  parameters 

hi. 

We  observe  an  influence  of  temperature  on  the  positions  of  . 
oscillation  maxima,  as  3hown  in  Pig.  2.  This  is  characteristic 
of  the  semimagnctic  behavior,  in  which  the  paramagnetic  magneti¬ 
zation  of  Mn44  ions  is  strongly  temperature  dependent.  It  can  be 
seen  in  Pig.  2  that  two  separate  peaks  (indicated  by  arrows) 
become  one  at  higher  temperatures  and  then  again  reappear  as  two. 
This  is  in  contrast  to  the  usual  SdH  behavior,  for  which  the 
oscillations  gradually  disappear  with  increasing  temperature.  We 
refer  to  this  observation  in  the  theoretical  part. 

A  theory  of  the  above  system  must  take  into  account  the  fol¬ 
lowing  essential  features:  1/  Energy  band  structure  with  a  small 
energy  gap  and  a  strong  spin-orbit  interaction  A;  2/  Quasi 
two-dimensional  character  of  the  electron  motion  near  the  inter¬ 
face;  3/  Presence  of  a  magnetic  field  transverse  to  the  inter¬ 
face;  A/  Senimagnetic  properties  related  to  the  exchange  inter¬ 
action  between  the  conduction  electrons  and  the  Nn44  ions.  The 
complete  Hamiltonian  reads 

H  =  H  .  ♦  V  ♦  H  ♦  U(z>  ♦  H  .  (1) 

el  o  so  exert 

*">1  5  4  c^c)2»  V0  is  the  periodic  potential  of  the 

lattice  Hgo  is  the  spin-orbit  interaction,  U  ia  the  potential  of 
the  inversion  layer:  U  =  •  for  z  <  0  and  U  =  UCz)  for  z  >  0.  The 
exchange  interaction  in  tne  mean  field  approximation  is 
Hexch  ~  J<V  8z»  wiiere  J  the  exchange  operator,  <Ss>  ia  the 
thermodynamic  mean  value  of  Mn44  spins  and  a^  is  the  electron 
spin  operator  |2j.  The  band  structure  ia  described  using  a 
tnroe-lc  vol  model  of  ,  r«,  T»  symmetry  levels  <8  Luttinger-Kohn 
functions,  cf.  (3  i  > •  coking  for  solutions  in  the  form: 

Y  =  If.ulo,  the,  set  of  coupled  differential  equations  for  the 
envelopes  fj  is  obtained, 

l  ♦  (U  ♦  -  04,.,  f,  =  0  <2> 

jll  11  lo  111 

where  the  matrix  elements  ire  calculated  using  the  L-K  band -edge 
functions  and  cio  nr*  ti»  hatid-edge  energies  (at  k-0).  The 
explicit  form  of  matrix  (1)  can  be  found  in  |«?,3|.  In  the  fol¬ 
lowing  we  put  A  large  ar.d  the  set  (1)  reduces  to  6  equations. 


, .  .,^1 


I 


The  set  can  be  solved  to  a  good  approximation  by  substitution 
neglecting  commutators  [p  ,ll]  (cf.  !*•!>,  and  small  off-diagonal 
terms  of  the  type  b  /c^ .  Here  we  limit  our  solutions  to  a  para¬ 
bolic  approximation,  which  gives 

£rru  =  tr  *  ft“c<n  *  7  ‘  f?  ! 

*  [a  *  j(S*  Wg  P  *  T  fl«c  jr—  fn  ♦  jr)i  (3) 

8  J 

wn ere  cp  are  the  electric  subband  energies  and  n  =  0,1,...  are 
the  Landau  levels.  s  eB/m*  and  g*  is  the  spin  g-factor  result¬ 
ing  from  the  band  structure  (g*<  0,  cf.  1 3 1  >  -  The  exchange  in¬ 
teraction  affects  the  spin-splittings  in  two  ways:  it  diminishes 
the  splittings  or  all  levels  (a  >  0)  and  it  contributes  an  in¬ 
creasing  term  depending  on  n(b  <  0>.  We  denote 
• 

a  =  |«<S|J|S>  <SZ>  b  =  ^«<XlJ|X>  <Sf>  («) 

where  x  is  the  MnTo  mole  fraction,  <S(J|S>  -  -0.4  eV,  (X|J|X)  = 
s  0.6  eV  (cf.  |5j>.  The  quantity  <Sa>  <  0  ia  directly  related  to 
magnetization.  The  latter  depends  strongly  on  a  magnetic  field 
(increasing  function)  and  the  temperature  (decreasing  function) 
and  it  has  been  measured  independently  for  H«o.^,n0.1Tc 

The  electric  subband  energies  are  calculated  for  the  trian¬ 
gular  potential  L(z>  *  eEz.  They  are  also  modified  by  the  semi- 
magnetic  tenns, 


;  3  . 

i  L. 


Ui 


_  L) 

■V  T 


(5) 


In  the  calculations  we  took  the  following  values:  m*  s  0.0089  m0# 
g“  =  -n;,  E  =  1  .3W011  V /cm . 

Pig.  J  shows  calculated  electron  energies  for  the  first  two 
electric  subbands  at  T  =  4.2K.  It  can  be  seen  that:  1/  The  spin 
spli  ttir.gs  exhibit  peculiar  behavior  as  functions  of  a  magnetic 
fielJ,  2/  7ne  splittings  increase  with  the  increasing  Landau 
numoer  r.,  wnich  nay  lead  to  a  rearrangement  of  the  levels. 

?ig.  a  s rows  the  Landau  level  energies  for  the  lowest  electric 
sutband  as  functions  of  the  temperature.  Due  to  decreasing 
magnetization  trv  a'-i ir.i-notie  terns  contribute  less  at  higher 


temperatures.  As  it  can  be  seen,  this  leads  to  level  crossings 
for  higher  n,  as  indicated  above.  We  associate  the  experimental 
observation  indicated  in  Fig.  2  with  the  level  crossing  shown 
in  Pig.  4,  both  occuring  for  higher  Landau  levels. 

We  have  not  attempted  here  a  quantitative  description  of  the 
experiments,  since  it  would  require  a  self  consistent  calculation 
of  electron  energies  for  the  nonparabolic  band,  in  which  both  a* 
and  g*  depend  on  the  absolute  positions  of  the  electric  subbands 
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Figure  captions 

Fig.l.  Differential  conductivity  vs.  gate  voltage  for  p  - 
ilg ^  9Mt‘o  i^e  *n  vari°U8  Genetic  fielda  at  4.?  K. 

Pig.  2.  Differential  magnetoconductivity  v«.  gate  voltage  for  p  - 
Hg0  9MnQ  jTe  show  the  peaks  which  exhibit  a  strong 
temperature  shift.  Note  absence  of  the  spin  splitting  at 
interroetl iate  temperatures  T  \  10  X. 

Pig. 3.  Ca  lc  *  i -v.  el  magnetic  field  dependence  of  the  landau  levels 
in  Hg0  gHnQ  jTe,  E  =  1 00  meV  at  4.2  K  for  the  two  lowest 
electric  jurbands  Cr  ?  0  solid  lines,  r  =  1  broken  lines) 

Fig.'*.  Calculated  temperature  dependence  of  the  Landau  levels 
associated  with  the  lowest  electric  subband  <r  =  0)  in 
H®O.9*n0.:Te'  E  -100  meV  in  5T.  The  temperature  depen¬ 
dence  is  due  to  the  exchange  interaction  between  con¬ 
duction  electron  and  localised  magnetic  momenta. 
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IUCN1T0-0PTIC5  III  *  II-V1  SlifUUJLTTlCl  I  HfTcCdTa 

t.  Guldnar,  C.  Bastard,  J.P.  Vieren,  H-  Voos 

Croup*  d*  Phyaique  dca  Solid**"  d*  l'Ccol*  Normal*  Suplriaure 
24  ru*  Lhomond,  7523 1  fim  Cedax  05,  Franc* 


J.P.  Faurie*  and  A.  Million 

Uboracoir*  Infrarouge,  LET1/C1NG,  BSE.  38041 
G renob la  C*d*x,  Franc* 


We  report  far-infrar*d  *agn*to-*b*orpt ion  invaat igatiooa  performed  in  a 
HgTa-CdT*  super lattic* .  From  these  atudiaa,  w*  obtain  tb*  band  ■ true  Cure  of  the 
super  1 *t  t ic*  conaidarad  here  which  ia  found  to  b*  a  qua*i-*«ro-«oargy  gap  semi¬ 
conductor.  W*  obtain  alao  the  walua  of  tha  overlap  between  the  HgTa  and  CdT* 
va  latte  a  band*. 

Wa  report  her*  far-infrarad  magneto-absorption  atudiaa  of  a  HgTa-CdT* 

•  uparlattic*  (SL)  grown  !M  by  molecular  beam  epitaxy  (MM).  Among  other 
i^ortant  feature*,  thee*  investigation*  allow  ua  to  obtain  the  auperlattice 
hand  atructur*,  demon* t rating,  in  particular,  that  the  ayatem  considered  in 
this  work  ia  a  quasi-taro-energy  gap  a *au conductor.  From  our  reaulta,  w*  deter* 
min*  also  the  overlap  A  between  the  HgT*  and  CdT*  valence  bande,  which  ia  an 
important  parameter  whoa*  value  was  unknown. 

The  structure  under  investigation  her*  wna  grown  by  Mlf  on  e  (ill) 

CdT*  subetrete,  and  i*  constituted  of  one  h rod red  period*  of  IgTe  and  CdT* 
layer*  whoa*  thickness*#  are  d,  ■  180  and  di  •  44  A,  reapaccively.  In  thea# 
far-infrared  megneto-abaorpt ion  experiments,  which  wera  performed  at  1.6  K,  the 
trananistion  signal  waa  observed  at  fixed  photon  energise  ia  the  Faraday  con¬ 
figuration  and  detected  by  a  carbon  bolometer.  Two  kind*  of  infrared  source* 
wera  uaed,  a  molecular  laser  sad  c arc loot rons,  and  the  magnetic  field  B,  provi¬ 


ded  by  a  superconducting  coil,  could  be  varied  continuously  between  0  and  10  T. 

to  Fig. 1  are  given  typical  trananiseion  spectra  as  a  function  of  B  ob¬ 
tained  for  different  iafrarod  wavelengths,  B  being  perpendicular  to  the  layers 
(6  *0).  From  such  dsts,  on*  can  plot,  as  s  function  of  B,  the  energy  position* 
of  the  transmission  minima  or  absorption  maxima  as  presented  in  Fig. 2.  As  shown 
latar,  the  observed  optical  transitions,  lab# 11 ad  1-0,  2-1  and  3-2  in  Fig.  2 
are  attributed  to  interband  transitions  from  Landau  lavela  of  tha  ground  heavy 
hole  subband  (HHj )  up  to  Landau  levels  of  the  ground  conduction  subband  (Ei) 
occur log  at  tha  center  of  the  SL  Brillouin  sons.  They  extrapolate  to  an  energy 
hv  a.  0  at  B  •  0,  but  they  cannot  b*  du*  either  to  electron  cyclotron  resonance 
because  our  SL  is  p-type  for  T  ^  20  1 ,  or  to  hole  cyclotron  resonance  because 
they  would  lead  to  boles  masses  much  too  small.  In  fact,  this  indicates  that 
our  SL  Is  s  quasi-xaro-gap  semiconductor.  He  have  also  observed  that,  for 
B  <  0.3  T,  the  magnetic  field  position*  of  these  transition*  depend  weakly  on 
tha  angle  6  between  B  and  the  normal  to  the  layers,  which  corresponds  to  a 
three-dimensional  behavior.  However,  for  B  >  1  T,  their  position  follows 
(cos8)->,  which  implies,  in  a  quasi-xaro  gap  sami conductor,  a  two-dimensional 
character. 

To  proceed  further,  w*  should  now  calculate  the  band  structure  of  the 

SL  considered  her*  and  also  the  resulting  Landau  levels  under  magnetic  field. 

The  band  atructur*  of  the  host  materials  In  givan  in  Fig. 3(a),  and  that  of  our 
SL  ia  obtained  from  the  envelope  function  approach  /2/.  A  SL  state  is  identified 

by  a  subhead  index  (Eq,  HHq,  bg..-),  a  8L  wav* vector  q,  with  -*/d  <  q  <  n/d, 

where  d  is  the  8L  period,  and  a  two-dimensional  wavevactor  k^  which  is  perpendi¬ 
cular  to  tha  SL  axis  t.  At  k^  •  0,  tha  heavy- hols  states  (I^1  in  both  materials) 
sr*  fully  decoupled  from  tha  light  particle  states  (I**,  rj*1  in  HgTa  ;  r",  r^1  in 
CdT*) .  As  obtained  latar  from  the  data  A  ^  40  meV,  and  tha  CdT*  layers  are 
potential  barriars  for  haavy-holas.  1%a  calculated  SL  hand  structure  /3/  is 
presented  ia  Fig. 3(b)  with  the  energy  origin  taken  at  tha  top  of  tha  T,  CdT# 
valence  band.  Tha  grorod  heavy- hole  subhead  IH,  is  almost  flat  along  q  and  lies 
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at  x  2  mV  below  tha  f,  HgTe  band  edge.  The  ground  conduction  aubband  E,  haa  a 
nixed  electron  (KgTa)  and  light  hola  (CdTa)  character,  which  explaine  ita  ener¬ 
gy  position  and  the  quae i- aero-gap  nature  of  tha  SL  band  atructure.  In  addition, 
tha  upper  light  hole  aubband  h,  ia  found  to  lid  hare  in  tha  energy  gap  (0,A). 
Fig. A  gives  for  HgTe-CdTe  SL’a,  tha  poaition  and  width  of  different  aubbands 
aa  a  function  of  d2  for  d,/d2  -  4,  aa  obtainad  froa  aucb  calculation!.  It  shows 
that  tha  cross-over  of  E,  and  HU,  at  q-Q  occurs  for  d2  *v  SO  A.  For  finite  2^  or 
finite  8,  the  situation  is  such  more  complicated  due  to  tha  intricate  I*#  bands 
kinematics.  In  tact,  to  calculate  the  E,  Landau  levels,  we  have  used  approximate 
SL  dispersion  relations  described  in  Ref. 2  for  finite  k..  We  have  neglected  spin 
effects,  and  we  have  replaced  2^  by  i2n*l)«B/R,  where  n  -  0,  I...  ia  the  Landau 
level  index.  For  tha  UH,  Landau  levels,  we  have  considered  that  they  are  flat 
along  q,  so  that  their  energy  is  HH,(n)  •  HHj  -  (n* l /2)KeB/«hh,  where  a^  is 
the  heavy-hole  effective  sail  in  bulk  HgTe.  This  Model  depends  only  on  A  ,  ths 
otner  peraasters  being  well-known  bulk  par tasters.  Theoretical  fits  to  the  date 
using  this  aodal  era  shown  in  Fig. 2.  For  tbs  electron  (hole)  effective  mss  and 
the  band  gap  of  bulk  HgTe,  we  took  /4,5/  0.03  (0.3  •«)  and  0.3025  eV,  res¬ 

pectively,  and,  for  the  band  gap  of  bulk  CdTe,  1.6  eV.  We  consider  also  that 
ths  Farsi  level  is  close  to  due  to  the  large  heavy-hole  mss.  The  curve 
labelled  1-0  corresponds  to  transitions  froa  the  n  *  I  BB(  Landau  level  to  the 
n  -  0  E,  Landau  leval  at  q  ■  0.  The  other  curves  are  analogous  transitions 
with  hole  end  electron  Landau  indices  n  equal  to  2,  3  and  1,  2,  respectively. 

A  good  sgresMBt  is  obtained  between  experiMOt  and  theory  for  A  •  (40  t  10)  aeV. 
The  transition  vMrglee  are  reMrkably  non-linear  aa  a  function  of  B  (in  con¬ 
trast  to  bulk  HgTa),  tha  in- plane  apparent  electron  mss  increasing  froa 
0.008  a,  to  0.03  at  between  0.15  and  I  T  ai  a  consequence  of  the  2.p  interac¬ 
tion  between  the  EIt  HH ,  and  h,  aubbands.  We  have  alao  calculated  the  width 
&E,  of  E,  is  i  function  of  B  for  n  -  0,  and  AK,  La  found  to  dacraaaa  froa  12 
to  2  mV  between  B  -  0  and  B  •  10  T,  explaining  the  observed  change  froa  three 
to  two  d issu i one 1  behavior.  Tha  variatioa  of  AI|  with  B  caa  alao  be  under¬ 
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stood  froa  ths  k.p  interaction  between  E| ,  BHi  and  h|.  Furthermore,  the  devia¬ 
tion  froa  the  theoretical  fit  of  the  cxperiMntal  data  (Fig. 2)  for  the  1-0 
transition  around  2.5  T  is  thought  to  be  due  to  an  interband  polemn  effect, 
the  LO-phonon  energy  being  16  mV  in  bulk  HgTe. 

We  have  also  performed  similar  experiments  at  higher  photon  energy 
(300-400  mV),  and  the  energy  of  tha  observed  transitions  converge  to  340  mV 
at  B  «*  0.  They  are  attributsd  to  interband  transitions  froa  Landau  levels  of 
LH|  (derived  froa  the  r*h  HgTe  ststee)  up  to  Landau  levels  of  Ei  (Fig. 3(b)) 
since  the  LHt-E,  band  gap  at  q  •  0  is  325  mV  froa  our  calculations .  The  slope 
of  the  energy  of  the  observed  transitions  ia  slso  wall  accounted  for  by  our 
model.  Finally,  we  wieb  to  point  out  that  one  can  deduce  froa  these  investiga¬ 
tions  that  interdif fusion  between  HgTe  and  CdTe  layers  is  certainly  weak  in  the 
superlattict  studied  hare. 

This  work  haa  bean  partly  supported  by  the  Direction  des  Recherche*  at 
Etudes  Techniques . 
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Figure  1 

Typical  transmission  spectra 
obtained  as  a  function  of  the  magne¬ 
tic  field  B  for  several  infrared 
wavelengths . 


Figure  3 

(a)  Band  structure  of  bulk 
HgTe  and  CdTe 

(b)  Calculated  band  structure 
in  the  q  direction  of  the  superlat¬ 
tice  studied  here. 


Figure  2 

Energy  position  of  the  transmis¬ 
sion  minima  as  a  function  of  B(  ).  The 
solid  lines  are  theoretical  fits  as 
described  in  the  text.  The  dashed  line 
is  only  an  eyeguide  evidencing  the 
deviation  between  experiment  and  theory 


Figure  » 

Energy  and  width  of  diffarent 
subbands  in  HgTe-CdTe  super lattices 


around  2.5  T. 
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Quantum  Wells  of  InAs  Between  AlSb* 

C.  A  Chang,  E.  E.  Mendez. t  L.  L  Chang.t  and  L.  Esaki 

IBM  Thomas  1  Watson  Research  Center 
P  O.  Box  218,  Yorktown  Heights,  N  Y  10598 

ABSTRACT  Quantum  wells  consisting  of  a  single  In  As  layer  confined 
between  two  AlSh  layers  were  made,  and  they  exhibited  characteristic  two- 
dimensional  electron  behavior  from  magneto-transport  measurements.  Unex¬ 
pectedly,  the  electrons  appeared  to  be  predominantly  extrinsic  in  nature, 
unlike  the  situation  in  the  InAs-GaSb  system. 

In  our  efforts  to  realize  the  polytype  hclcrostructures  of  InAs,  GaSb 
and  AlSb.1  we  have  investigated  different  combinations  of  two  of  the  three 
materials  The  InAs-GaSb  .tructure  has  been  studied  for  some  time  from 
both  magneto- transport  and  magneto-optical  experiments  2 -3  It  is  character¬ 
ized  by  a  semiconductor-semimeta)  transition  with  an  intreaae  in  the  InAs 
layer  thickness,  a  consequence  of  the  energy  positions  of  the  conduction 
bandedge  »  f  InAs  lying  below  the  valence  bandedge  of  GaSb  The  GaSb- 
AlSb  structure  has  recently  been  successfully  fabricated.  Energy  quantization 
in  GaSb  was  demonstrated  from  luminescence  and  absorption 
measurements.4  6  although  the  bandedge  relationship  could  not  be  accurately 
determined  In  this  work,  we  report  preliminary  results  on  our  first  attempt 
for  the  InAa-AISb  system  We  concentrate  on  single  well  structures7  of  InAs 
sandwiched  between  two  AlSb  layers,  and  compare  them  with  those  between 
two  GaSb  It  turns  out  that,  while  there  are  similarities  in  the  formation  of 
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two-dimensional  quantum  s tales  in  InAs.  the  predominant  source  of  the 
electrons  appears  to  be  different  in  these  two  systems. 

The  samples  were  grown  on  semi-insulating  (lOO)GaAs  substrates  by 
molecular  beam  epitaxy. 8  starting  with  a  thin  homoepitaxial  growth  of  S00A 
GaAs  to  smooth  out  the  initial  surface  and  a  thick  growth  of  4000A  AlSb  to 
accommodate  the  misfit  stress  from  lattice  mismatch.  This  was  followed  by  a 
single  layer  of  InAs  with  variable  thickness,  and  then  another  AlSb  of  2(X)A 
thick  An  overlaycr  of  100A  GaSb  was  finally  deposited  to  serve  as  protec¬ 
tion  for  the  underlying  AlSb  which  reacts  strongly  with  moisture.8  The 
InAs-GaSb  structures  used  for  comparison  were  prepared  in  a  similar  se¬ 
quence  with  the  AlSb  replaced  by  GaSb.  In  all  cases,  with  the  exception  of 
the  initial  GaAs.  the  growths  were  carried  out  at  500C,  which  was  higher  than 
that  used  previously  8  The  layers  were  all  undoped  which,  by  themselves,  had 
an  electron  concentration  of  I0,6cm*3  for  InAs,  and  a  hole  concentration  of 
I0,bcnr3  and  10,scnr3  for  GaSb  and  AlSb,  respectively.  For  the  latter 
materials,  the  carriers  tend  to  freeze  out  with  decreasing  temperatures. 

Figures  I  and  2  show  the  carrier  densities  and  mobilities,  obtained  from 
Hall  measurements  at  77K,  as  a  function  of  the  InAs  layer  thickness.  The 
range  of  interest  of  this  parameter  is  between  SoA  and  2(X)A  where  the 
electron  density  is  expected  to  change  significantly  as  a  result  of  charge 
transfer,  the  origin  of  the  semimetalUc  behavior  in  the  InAs-GaSb  structure.2 
The  spread  in  the  data  points  represent  multiple  samples  measured  from  both 
the  van  der  Pauw  and  the  "spider"  geometry  which  show  some  discrepancies. 
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In  the  case  of  GaSb-InAs-GaSb.  both  the  electron  density  and  the  mobility 
increase  with  the  InAs  layer  thickness  as  expected  With  a  widening  layer,  the 
electron  state  in  InAs  is  quantized  at  a  lower  energy,  allowing  a  larger  number 
of  electrons  to  be  transferred  from  GaSb  to  maintain  a  higher  Fermi  level  for 
charge  neutrality  The  increase  in  mobility  may  arise  from  two  contributing 
factors  an  enhancement  in  the  carrier  screening  effect  and  a  reduction  in 
relative  interface  scattering  In  comparison  with  results  reported  earlier.2 
both  the  electron  density  and  the  mobility  arc  higher.  The  slight  increase  in 
density  calls  for  a  somewhat  larger  value  of  the  energy  difference  between  the 
valence  bandedge  of  GaSb  and  the  conduction  bandedge  of  InAs.  which  was 
previously  determined  to  be  around  1*>0meV  The  strong  increase  in  mobility, 
by  nearly  an  order  of  magnitude  to  I05cm2/V*sec  in  thicker  layers  where  it 
tends  to  saturate,  represents  a  signficant  improvement  in  film  quality,  proba¬ 
bly  as  a  result  of  the  higher  deposition  temperature. 

In  the  case  of  AiSb-lnAs-AISb,  as  can  be  seen  m  Fig.  2,  the  mobility 
increases  similarly  with  the  InAs  layer  thickness,  although  it  reaches  a  saturat¬ 
ing  value  about  a  factor  of  10  lower  than  that  with  GaSb  confining  layers. 
One  would  be  tempted  to  infer,  from  these  data  alone,  that  the  same  charge 
transfer  mechanism  as  in  the  case  of  GaSb-lnAs-GaSb  might  be  operative 
However.  »s  shown  in  Fig  I,  the  electron  density  itself,  scattering  around  1-2 
i  I0,2cnr2.  is  unreasonably  large  and  independent  of  the  layer  thickness. 
Extrinsic  effect  is  probably  dominant  in  this  case.  For  example,  a  large 
number  of  positive  charge  or  donor-like  slates  either  in  AlSb  in  the  vicinity  of 


the  interface  or  at  the  interface  itself  could  conceivably  give  rise  to  the  high 
electron  density  in  InAs  Among  the  different  combinations  of  the  three 
poly  type  materials  of  our  interest,  the  InAs-AISb  hcterosiructure  is  likely  to 
be  the  most  difficult  to  achieve  in  perfection  It  has  a  relatively  large  lattice 
mismatch.  1.3%  which  is  twice  as  large  as  in  the  other  two  cases,  and  it 
contains  the  highly  reactive  Al  component  (absent  in  InAs-GaSb)  without 
sharing  a  common  element  (present  in  GaSb- AlSb)  The  relatively  low 
electron  mobility  is  indicative  of  the  existence  of  additional  scattering  imper¬ 
fections.  At  present,  little  is  known  about  such  imperfections  or  the  defects 
in  general  which  contribute  to  the  electrons.  The  possibility  that  the  proper¬ 
ties  of  AlSb  may  have  been  inadvertently  affected  during  chemical  processing 
because  of  its  hygroscopic  nature  can  not  be  completely  excluded. 

Nonetheless,  magneto- transport  measurements  have  clearly  demonstrat¬ 
ed  the  presence  of  two-dimensional  electrons  in  this  new  type  of  single  well 
structures  of  AiSb-lnAs-AISb.  Figure  3  shows  the  magneto-  and  Hall- 
rcsistancc  at  4.2K  and  fields  up  to  22T.  The  sample  has  an  InAs  layer  of 
120A,  an  electron  density  of  l.lxl012cnr2,  and  a  mobility  greater  than 
104cm2/V*sec.  Pronounced  oscillations  are  observed  in  Fig.  3(b):  The 
oscillatory  period  confirms  the  electron  density;  and  the  spin  splitting,  *Vch 
becomes  well  resolved  at  the  Landau  level  n  -  1 ,  gives  an  effective  g- value  of 
22,  consistent  with  that  reported  earlier  in  the  InAs-GaSb  superlattice.9  The 
Hall  resistance  in  Fig.  3(a)  exhibits  well-defined  plateaus40**1  with  magni¬ 
tudes  given  by  h/ie2,  i  being  the  occupation  number  of  the  magnetic  levels. 
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The  drop  after  each  plateau  is  believed  to  arise  from  incomplete  overlap  of 
the  Hall  contacts  with  the  longitudinal  current  path,  which  affects  the  value  of 
the  Hall  resistance  corresponding  to  i  ■  5.  The  quantum  limit  can  not  be 
reached  with  available  fields,  however,  because  of  the  high  electron  density  in 
all  these  samples 

In  summary,  the  single  well  structure  of  InAs  with  two-dimensional 
electrons  confined  between  AlSb  layers  has  been  fabricated  It  represents  a 
different  type  of  structure  in  which,  apparently,  the  carriers  are  induced 
primarily  from  external  sources,  in  contrast  to  the  situation  in  the  InAs-GaSb 
system  What  remains  to  be  seen  is  whether  or  not  the  large  electron  densi¬ 
ties  can  be  reduced  to  reach  the  intrinsic  limit 

The  authors  would  like  to  thank  L.  F.  Alexander  and  M.  S.  Christie  for 
their  technical  help  in  film  preparation  and  sample  fabrication. 

REFERENCES 

•  Sponsored  in  part  by  the  US  Army  Research  Office 

t  Visiting  scientist  at  the  National  Magnet  Laboratory,  Cambridge.  MA. 

1  E  E.  Mendez.  L.  L.  Chang  and  L.  Esaki,  Surf.  Sci.  1_Q,  474  ( 1982) 

2  L.  L.  Chang,  in  Proc.  13th  Int’l.  Conf.  Phys.  Semicond.  ed.  by  S.  Tanaka 
and  Y  Toyozawa.  Kyoto.  1980  (J.  Phys.  Soc  Jpn.  Suppl.  A)  49,  997 
(1980) 

.1  M  Voos,  Surf  Sci  IU,  94  { 1982). 

4.  M  Naganuma,  Y.  Suzuki  and  H.  Okarnoto.  in  Proc.  lnfl.  Symp.  GiAs 
and  Related  Compounds,  ed  by  T  Sugano  (Inst.  Phys  ,  Univ.  of  Reading. 
Berkshire,  1981)  P  125. 

5  E.  E.  Mendez.  C.  A  Chang.  H  Takaoka,  L.  L.  Chang  and  L.  Esaki.  J 
Vac.  Sci.  Technol.  Bl,  152  (1983). 

6.  P.  Voisin,  G.  Bastard.  M  Voos.  E.  E.  Mendez.  C.  A.  Chang,  L.  L. 
Chang  and  L.  Esaki,  J.  Vac.  Sci  Technol.  BL  409  (1983). 

7  G.  Bastard.  E.  E.  Mendez,  L.  L.  Chang  and  L.  Esaki,  J.  Vac.  Sci. 
Technol  21.  531  (1982) 


W .  ♦'/ 


8.  C.  A.  Chang,  H  Takaoka,  L.  L.  Chang  and  L.  Esaki,  Appl.  Phys.  Lett. 
40.  983  (1982). 

9.  L.  L.  Chang,  E.  E.  Mendez.  N.  J.  Kawai  and  L.  Esaki,  Surf.  Sci.  113. 
306  (1982). 

10.  K.  von  Klitzing.  G.  Dorda  and  M.  Pepper,  Phys.  Rev.  Lett.  45,  494 
(1980) 

11.  D  C.  Tsui  and  A.  C.  Gossard,  Appl.  Phys.  Lett.  38.  550  (1981). 


Fig.  1.  Electron  density  vs.  InAs 
layer  thickness  at  77K  in  AISb-lnAs- 
AlSb  and  GaSb-lnAs-GaSb  single-well 
structures. 
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Fig  2.  Electron  mobility  vs.  InAs 
layer  thickness  at  77 K  in  AlSb-lnAi- 
AlSb  and  GaSb-lnAs-GaSb  single-well 
structures. 


Fig.  3.  Hall-resistance  (a)  and 
magneto-resistance  (b)  vs.  magnetic 
field  at  1.5K  in  a  single- well  structure 
of  AlSb-lnAs-AlSb  with  an  InAs  well 
thickness  of  12oA.  Indicated  are  num¬ 
bers  of  magnetic-level  occupation  (i) 
and  Landau  indices  (n).  Distance  ratio 
of  Hall  to  magneto-resistance  is  1/10. 
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IBM  T  J  Waitoa  Research  Center.  Yorktown  Heights.  N  Y  10598.  U.  S  A 

AWrtci  -  A  review  is  given  of  experiments  on  a  magnetic  material  that  is  a  single  layer  of  magnetic 
mm.  Mn  stearate  deposited  by  the  Langmuir-Blodgett  technique  Magnetic  monolayers  produced  by 
condensation  of  magnetic  gases  are  briefly  surveyed  Some  comparison*  with  the  theory  of  2-d 
magnetism  arc  made 

I.  lafcrodwrtMw  -  Previous  C  onferences  on  the  Electronic  Properties  of  Two-Dimensional  Systems 
have  not  emphasized  the  magnetic  properties  of  such  systems  The  interest  has  rather  centered  on 
electrical  properties  or  at  most  the  rcsponce  of  the  electrical  parameters  to  applied  magnetic  fields 
This  has  nappenrd  desprtr  the  fact  that  the  first  suggestion*  that  physical  properties  might  be  strongly 
influenced  by  dimensionality  actually  arose  in  the  study  of  magnetism  (  I  |  There  ltiU  continues  to 
be  an  abundance  of  theoretical  work  on  model  magnetic  systems  of  low  dimensionality,  often  with 
fruitful  analogies  to  other  properties  An  example  of  lh»  is  the  theory  by  Koeterlitz  and  Thouiess  l  2 
I  which  started  as  an  attack  oo  the  problem  of  the  x-y  model  of  a  magnet  in  2-d.  but  was  first  applied 
io  experiments  on  superfluidity,  the  melting  of  2-d  solids  and  to  the  resistive  transition  of  2-d 
superconductors,  before  it  finely  was  shown  to  be  relevant  to  a  magnetic  material  l  J  |  .  That 
magnetism  has  influenced  much  of  the  theory  of  2-d  physics  On  the  experimental  side,  magnetism 
seems  to  offer  the  best  pomtbtliy  of  physically  constructing  a  clearly  2-d  system  An  ideal  2-d  system 
would  be  a  single  layer  of  atoms  (here  used  in  tbr  original  Greek  meaning  of  indivisible  units  without 
structure),  suspended  m  space  for  our  study  Noone  has  yet  constructed  such  an  object,  the  nearest 
has  been  hqaid  crystal  films  drawn  over  an  aperture  |  4  ]  We  usually  have  some  kind  of  supporting 
structure  In  the  cases  of  adsorbed  gates  on  so fid  surfaces,  or  even  of  electrons  near  a  semiconductor 
or  liquid  He  surface  one  rnuti  make  arguments  why  the  system  of  gas  or  electrons  may  be  regarded  as 
distinct  from  its  support  despite  the  fact  that  it  is  of  the  same  nature  as  the  support  and  is  bound  to  it 
with  the  same  kind  of  forces  with  which  H  interacts  within  Kself  We  can  avoid  that  awkward  stale  by 
makmr  the  2-d  system  of  interest  entirely  different  m  nature  from  the  supporting  structure.  In  this 


•anas  it  is  obvious  thut  insofar  as  ru  magnetic  properties  an  concerned,  a  layer  of  magnetic  atoms  can 
be  totally  distinguished  from  a  aon-magnatic  support. 

It  it  thus  not  surprising  (hat  there  has  been  a  great  amount  of  study  of  the  effects  of  dimensional¬ 
ity  in  magnetic  materials.  Many  experiments  I  9  )  were  done  on  "quasi  2-d  H  magnets,  i.e  .  crystals 
in  which  the  magnetic  ions  occupied  layers  that  were  relatively  widely  spaced  compared  to  their 
spacing  within  the  layers  Much  interesting  information  was  obtained,  but  there  was  a  asajor 
prediction  of  theory  that  remained  elusive.  This  is  the  well  known  result,  sometimes  referred  to  as  the 
Mennm- Wagner  Theorem  |  6  )  .  that  for  continuous  symmetric  interactions  between  the  magnetic 
ions,  there  could  be  no  long  ranged  magnetic  order  in  two-  or-  oo e  dimensional  structures  This 
seemed  beyond  testing  in  quasi  2-d  materials  because  there  were  always  residual  interactions  that  were 
three-dimensional.  As  the  temperature  was  lowered  the  magnetic  correlations  buih  up  until  three- 
dimensional  interactions  were  large,  and  3-d  magnetic  ordering  always  set  in  before  2-d  ordering  was 
Observed  |  7] 


The  direct  solution  to  the  problem  of  3-d  interactions  was  to  create  a  literally  2-d  magnetic 
material  This  was  finally  accomplished  in  two  ways:  the  adsorption  of  t  moo-' fryer  of  gaseous 
magnetic  atoms  or  molecules,  and  the  deposition  of  monolayers  of  organic  molecules  to  which 
magnetic  ions  had  been  chemically  bonded  The  organic  molecule  used  was  manganese  stearate  (abbr 
MnSlj  ),  which  was  deposited  by  the  Langmuir- Blodgett  technique.  This  paper  win  review  the 
methods  and  results  obtained  thus  far  by  these  two  methods.  I  dun  emphasize  my  own  work  on 
MnSi7  .  naturally,  but  that  does  aot  imply  that  the  condensed  film  studies  ate  leas  interesting 

Section  2  will  review  some  of  the  theoretical  predictions  of  the  importance  of  dimensionality 
effects  in  magnetism  Then  I  shah  describe  the  condensed  film  techniques  sod  resuftt  in  Section  3.  In 
Section  4  I  summarize  the  Langmuir-Blodgett  method  for  the  deposition  of  organic  monolayers,  the 
preparation  of  the  magnetic  molecule  MnStj  .  and  the  results  of  our  experiments.  Is  the  final  section  I 
compare  the  two  methods,  and  indicate  some  future  directions  for  the  experimental  study  of  2-d 
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2  Sum*  lialn  a#  TWn  W  A*  W»*m  a#  DtaMtMi>tr  so  M^nMb-  The  Modem  theory  of 
■tageriM  phw  treituiMxu  hypcMhewzet  that  (he  are  owfy  two  parameters  that  determine  the  nature  of 
the  transition  |  a  |  Three  are  the  dtmr aaennaht y  of  the  ipatial  structure  and  the  lymmctry  of  the 
■ateractroa  between  the  rtewentary  aaptrit  It  ta  also  unard  that  the  interaction  ts  abort  ranged 
Sack  a  laiveraality  Hypothesis  a  the  reason  that  a  theory  of  the  s-y  Model  m  2-d  by  Koeterlitz  and 
Thoulew  referred  to  above,  could  be  applied  to  such  a  wide  range  of  Materials  they  may  differ  in 
other  wav*  hut  they  ha*r  in  common  a  2  d  structure  and  a  two  component  order  parameter  with 
cylindrical  <vmmetry  The  assumption  <>f  short  range  forces  ts  true  for  the  eichange  interaction,  but 
as  we  shall  tee.  the  dipolar  interaction  is  long-ranged,  which  has  important  consequences  The  effect 
of  dimensionality  waa  pointed  out  by  Bloch  [  I  |  in  a  calculation  of  the  effect  of  temperature  on  the 
magnetization  of  a  fcrTomagnet  He  assumed  highly  symmetric  Heisenberg  coupling  between  spins.  S. 
such  that  the  energy,  f  •  IS  S,  where  J  ts  the  eachange  constant  He  found  that  the  nun  her  of 
thermally  canted  spin  waves  increased  as  T1  *  in  3-d.  hut  that  in  2-d  or  1-d  the  number  of  spin  waves 
diverged  at  any  finite  temperature  Since  each  spin  wave  represents  a  decrease  in  the  magnetization  of 
the  ferromagnet.  an  infinite  number  of  spin  waves  meant  that  the  magnet  was  disordered  in  2-d  or 
I  -d  The  prediction  of  the  absence  of  order  was  catendcd  (o  (he  s-y  interactions,  and  to  antiferro- 
magnetism.  by  Mcrmin  and  Wagner  1  6  ) 

The  predicted  instabilities  of  ordered  structures  in  low  dime  noons  is  so  well  known  that  the 
restriction*  on  the  theory  are  sometime*  overlooked  The  result  applies  only  to  highly  symmetrical 
interactions  It  does  not  apply  If  there  is  umastal  direct toeahiy  of  either  anisotropy  or  eichange 
Bloch  espretwd  Ins  result  that  order  was  absent  only  as  the  limit  as  any  uniaxial  anisotropy  went  to 
zero  The  case  of  u  mesial  eachange  »  the  I  stag  model,  interactions  of  the  form  E  *  IS,  S,  For  this 
case  there  a  the  celebrated  analytic  solution  by  Onsager  f  9  |  which  showed  that  there  is  a  second 
order  transition  to  an  ordered  state  in  2-d  Both  the  I  sing  interact  ion  and  anisotropy  introduce  an 
energy  gap  in  the  spin  wave  spectrum,  to  that  a  thermal  energy  comparable  to  this  gap  n  needed  to 
etcitc  spin  waves  Thta  a  the  physical  difference  between  such  models  and  the  Heisenberg  and  x-y 
interactions  which  have  continuous  symmetry  In  the  cnae  of  contluaous  symmetry  the  spins  can 
esecutc  small  deviations  from  each  other,  which  coal  an  energy  which  vanishes  as  tha  wavelength  goes 
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to  infinity,  ft  is  the  high  density  in  low  dimensions  of  the  very  low  energy  (pin  waves  that  washes  out 
the  ordered  state 

Even  in  the  cases  of  symmetric  interactions  there  is  a  question  whether  the  excitation  energy  can 
vanish,  because  the  wave  vector  cannot  go  to  zero  since  samples  arc  always  of  finite  size  There  has 
been  progress  in  taking  finite  size  effects  into  account  but  very  high  resolution  measure  menu  are 
needed  to  distinguish  short  range  from  true  long-range  order. 

In  addition,  there  are  questions  about  the  effects  of  randomness  in  low -dimensional  systems 
Since  randomness  tends  to  oppose  an  ordered  state,  one  might  wonder  whether  randomness  would  he 
sufficient  to  prevent  order  in  the  Ising  model,  the  one  case  in  which  it  is  permitted  by  theory.  This 
problem  is  currently  being  actively  studied.  Theory  distinguishes  two  cases  random  exchange  and 
random  fields.  Random  exchange  could  arise  because  of  random  introduction  of  non  magnetic  spins,  or 
of  strains.  This  is  Hkely  for  2-d  materials  since  roughness  is  present.  An  analysis,  due  to  Harris  (  10  1 
.  suggests  that  in  2-d  the  only  effect  of  random  exchange  will  be  a  shift  of  the  transition  temperature, 
the  nature  of  the  transition,  the  critical  exponents,  will  not  change  It  would  be  Interesting  to  test  this 
predict  ton  The  case  of  random  fields  is  more  difficult  and  is  still  controversial.  It  can  be  reahued  in  a 
dilute  antiferromagnet  in  an  external  magnetic  field  (  II].  Theory  predicu  that  random  Helds  will 
destroy  the  transition  of  an  Ising  system  in  2-d  [  12  )  ;  the  disagreement  is  whether  it  will  also 
prevent  order  in  the  3-d  Ising  model.  It  is  obviously  important  to  establish  the  2-d  resnh  experimen¬ 
tally 

3.  Condensed  Cm  2-d  Magus  Is  The  most  obvious  way  to  prepare  a  2-d  magnet  is  to  evaporate  a  thin 
film  of  magnetic  metal.  Such  films  arc  questionable  because  of  the  problems  of  formation  of  islands, 
diffusion,  roughness  of  the  substrate,  and  impurity  effects.  Efforts  in  this  field  have  emphasized 
surface  magnetism  and  "dead  layers",  i.e  .  whether  some  outer  layers  of  a  magnet  possess  an  ordered 
moment,  or  any  moment  at  all.  Early  work,  involving  epitaxial  films  grown  in  ultra-  Ugh  vacuum, 
could  achieve  films  of  a  few  atomic  layers  (  13  |  .  Mora  recently  experiments  involving  tub- 
monolayer  amounts  of  Ni  and  Fe  condensed  at  about  10  K  and  maintained  at  10*11  Tort  have  been 
reported  [  14  ]  These  show  that  Ni  dote  not  develop  long-range  magnetic  order  until  about  3 
mouotayer  coverage.  With  only  1/6  of  a  monolayer  of  Fe.  however,  then  was  already  magnetic 
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ordering  The  difference*  between  Ni  end  Ft.  and  Ni  on  various  substrate*,  can  be  understood  on  the 
batu  of  electronic  interaction  (hybridization)  with  the  substrate  (  13  ) 

In  order  to  produce  better  single  crystals  of  condensed  magnetic  films,  Prist  and  Krebs  |  16  ] 

have  grown  Fe  on  Os  As  using  molecular  beam  epitaxy  They  describe  samples  as  thin  as  20  A  which 
hair  good  crystal  structure,  albeit  with  strain  due  to  lattice  mismatch,  but  with  well-defined  magnetic 
anisotropy  Their  ferromagnetic  resonance  data  can  be  captained  by  including  a  surface  magnetic  mode 
introduced  by  Rado 

A  rather  different  approach  »»•,  used  by  Me  Tague  and  Nielson  to  obtain  a  sample  that  had 
monolayer  coverage,  but  a  macroscopic  amount  of  sample.  Their  substrate  |  17  |  was  grafoil,  which 
is  graphite  that  has  been  esfoiiatcd.  like  puff  pastry,  to  eipoae  about  100  m2  /gm  of  interior  surfaces 
of  (be  graphite  This  was  permeated  by  known  amounts  of  Oj  gas,  such  that  when  it  was  coded  the 
Oj  condensed  with  the  desired  coverage  The  02  molecule  is  magnetic.  So  that  they  could  search  for 
magnetic  ordering  They  observed  neutron  diffraction  peaks  doe  to  antiferromagneti'-  order  below  10 
K  Again  because  of  the  large  quantity  of  sample  available  in  this  method  (about  0.1  gm  of  Oj  per 
gram  of  substrate),  a  range  of  properties  have  been  measured:  magnetic  susceptibility  |  IS  ]  ,  x-ray 
crystal  structures  1  19  |  .  specific  heat  [  20  ]  .  and  effects  of  substrates  l  21  |  and  dilution  by 
other  gases  |  22  ) 

4.  2-4  Msprti  ef  Manganese  Stesnrt*-  The  technique  that  I  have  used  to  prepare  literally  2-d 
magnets  was  developed  by  Langmuir  and  Blodgett  1  23.  24  J  .  It  is  baaed  on  the  tendency  for  oils 
and  water  to  repel  each  other,  and  separate  whan  mixed.  The  molecules  need  in  the  Langmuir - 
Blodgett  method  are  "fatly”  or  "carboxylic”  acids  These  are  domiaantly  fata,  i.e..  long-chaui 
hydrocarbons  that  are  solid  at  room  temperature,  but  which  have  at  one  end  an  acidic  group  That 
group  is  attracted  to  the  water,  and  would  dissolve  except  that  the  fatty  end  ia  repelled  from  the 
water  The  result  is  that  the  molecule  floats  at  the  water  surface,  as  a  balance  between  the  opposing 
tendencies  of  its  fatty  and  acid  parts  Wt  used  the  fatty  acid  CITH)SCOOH,  octadecanok  acid, 
commonly  known  as  stearic  acid  Its  structure  is  illustrated  in  Fig  la  and  a  dilute  layer  of  such 
molecules  on  the  surface  of  water  is  shown  In  b.  The  Langmuir-Blodgett  method  consists  of  compress¬ 
ing  the  dilute  layer  with  a  movable  surface  piston  <c)  until  a  relatively  incompressible  solid  film  ia 
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formed.  This  film  is  transferred  from  the  water  surface  by  inaanfag  and  removing  a  suitable  substrate 
through  the  surface  (d  and  e)  When  aO  goes  teal,  the  film  adheres  to  the  substrate  and  is  ptmbcd  onto 
the  substrate  by  the  continual  application  of  the  surface  pressure  Thus  s  single  monolayer  may  be 
deposited,  as  in  t.  If  the  substrate  is  reinserted  another  layer  attaches,  as  indicated  in  (f).  and  another 
upon  exiting  as  in  (g).  The  way  in  which  the  layers  attach  to  each  other  and  to  the  swhstate  is  that  the 
fatty  k  faces  attach  to  each  other  and  the  hydrophilic  surfaces  attach  to  each  other 

To  make  t be  monolayers  magnetic  we  bonded  magnetic  ions  to  the  acidic  end  of  the  molecule 
Following  some  results  in  the  literature  (  23  |  .  and  our  experiments  [  26  )  .we  determined  that 
Mn42  ions  would  replace  the  H4  when  the  concentration  of  MnCI2  was  I0'1  molar  and  the  pH  «  7 
As  illustrated  in  Fig  I  b  and  c,  under  these  conditions  a  monolayer  of  Mn  stearate  (Mn(CiaH},00)2. 
abbr  MnSu  )  is  formed  at  the  surface  We  have  made  literally  2-d  magnets  in  two  ways  The  first  is 
a*  shown  In  Fig.  )e:  simply  by  depositing  a  single  monolayer  of  MnSt2  In  the  second  method,  a 
Bon -magnetic  layer  of  Cd  stearate  was  deposited  and  then  two  layers  of  MnStj  The  Mn  ions  in  this 
structure  arc  in  a  more  symmetrical  situation,  and  also  are  more  dense  Henceforth  when  I  refer  to  2-d 
MnSt2  1  shall  he  speaking  only  of  the  Mn  layer*  formed  by  the  second  method  The  firm  did  not  show 
magnetic  ordering  down  to  T  -  15  K  and  so  are  not  of  as  great  interest 

Before  discussing  magnetic  ordering  further.  I  shall  describe  briefly  some  of  the  chemical, 
structural  and  magnetic  studies  that  confirmed  the  propoaad  method  for  producing  the  2-d  magnet 
structure  by  the  Langmuir- Blodgett  technique.  A  monolayer  is  only  about  1  p.  gm  /  cm2,  so  that  one 
needs  quite  sensitive  methods  to  study  the  monolayer*  Sometimes  ere  used  bulk  powders  because  the 
measurement  required  large  quantities  of  sample  Sometimes  a  useful  sample  could  be  made  by 
skimming  the  entire  film  off  the  bath,  like  crumpling  a  sheet  of  newspaper,  and  collecting  this  on  to  s 
substrate  Of  course  we  preferred  to  study  monolayers  themselves,  ia  as  small  number  as  possible  In 
many  earns  it  was  surprising  that  one  cocJd  indaad  study  a  monolayer  A  cnee  in  point  is  x-ray 
diffraction  Normally  x  rays  are  very  penetrating  and  one  would  not  expect  to  observe  a  diffraction 
effect  from  s  single  molecular  layer.  The  Laagmuir-Blodgen  film  has  special  advantages  Hi  thickness 
of  about  23  A.  and  s  unit  cell  of  two  molecules  (hence  30  A),  re  suits  in  a  Bragg  angle  of  about  I  * 
from  the  grazing  angle  This  is  dose  to  the  angle  for  total  internal  reflection  of  x  rays  and  the 
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intensity  of  the  interfering  beams  tt  enhanced  As  shown  in  Fig  2,  one  can  observe  }  27  ]  the 

diffraction  from  a  single  layer,  on  a  a  4  cm2  substrate  This  required  a  diffractometer  with  excellent 
coihmation  and  monochromaticity,  and  long  counting  times  The  structure  is  sufficiently  simple  that  it 
can  he  modeled  as  laminae  of  the  known  chemical  constituents  of  the  molecule  [  28  )  .  The  resulting 
calculated  diffraction  pattern,  shown  by  (he  solid  lines  in  Fig.  2.  is  in  excellent  quantitative  agreement 
with  the  data 

A  simple  way  to  study  the  reaction  o!  the  Mn  in  the  water  with  the  stearic  acid  on  the  surlace 
was  to  skim  i  film  on  to  s  Si  substrate  Tbc  infra-red  spectra  were  measured  on  a  Beckman  spectro¬ 
graph  We  could  observe  the  bonding  of  tbc  Mn  to  the  molecule  by  the  reduction  in  the  COOH 
carbonyl  peak  at  6  am  and  the  growth  of  an  absorption  at  6  5  am.  characteristic  of  bonded  metal  ions 
i  2*1  |  Using  a  surface  wave  technique  it  was  possible  to  observe  ir  absorption  on  as  few  as  one 
monolayer) |  30  |  The  ir  absorption  showed  that  Mn  was  bonded  to  tbc  stearate  molecule.  but  we 
had  to  ensure  that  there  was  no  other  Mn  in  the  samples  This  is  a«  unwanted  possibility  that  could 
occur  if  precipitates  from  the  bath,  or  water  containing  Mn.  were  trapped  in  the  films  Precautions 
were  taken  to  avoid  this  by  washing  the  films  with  pure  water  to  purge  soluble  or  lodged  impurities 
and  was  checked  by  iwo  means  Chemical  analyses  on  samples  of  some  tens  of  layers  were  performed 
using  electron  nncioptnbe  and  Rutherford  h  ichscattenng  The  chemical  analyses  showed  that  the  Mn 
concentration  corresponded  with  that  expected  for  MnSt2  with  no  excess  Mn  Since  u  showed  that 
Mn  was  located  at  the  ionic  ends  of  the  molecules,  this  indicated  that  Mn  was  being  picked  op  only  in 
the  dewed  way 

Fun  her  confirmation  that  Mr  was  located  la  2d  arrays  and  not  elsewhere  was  found  to  the 
electron  sptn  resonance  (ESR)  in  the  paramagnetic  slate  It  had  been  shown  (  31  I  that  the  ESR 
should  possess  anisotropy  m  both  the  line  width.  AH.  and  line  position.  Ho  .  as  a  function  of  the 
angle  of  the  external  magnetic  field  with  respect  to  the  flhn  normal  The  line  width  effect  arises 
becaate  the  dipolar  broadening  depends  on  spin  diffusion,  and  diffusion  depends  on  dimensionality.  In 
2d  there  are  long  correlation  lames  which  lead  to  enhancement  of  the  term  in  the  dipole  later  act  ion 
that  is  at  zero  frequency .  namely  the  term  proportional  to  (3<OtJd  ■  I)  In  Fig  3  are  measured 
tin< widths  vs  the  aegis  I  bstwesa  the  resonance  field  and  the  film  normal  They  IR  well  to  the 
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prediction  of  a  form  l  H  •  A  ♦  BOcot2#  •  I)2  The  dipolar  to  ter  action  also  contributes  an  average 
magnetic  field  that  it  anisotropic  in  2-d  This  results  in  a  shift  in  Ho  to  higher  values  in  the  normal 
direction  (to  overcome  (he  opposing  dipole  fields),  and  to  lower  fields  in  the  m-pianc  orientation  This 
is  a  small  effect  but  was  observed  in  a  multilayer  film  in  the  highest  field  available  to  us  (See  Fig  4  ) 
The  significance  of  these  ESR  results  in  the  paramagnetic  phase  ■  that  they  demonstrate  the  ameo- 
tropic  magnetic  characteristics  expected  for  2-d  arrays,  there  ia  not  a  significant  amount  of  Mn  in  3-d 
environments 

ESR  waa  also  the  method  used  to  search  for  spontaneous  magnetic  ordering.  If  ordering  occurs  it 
drastically  changes  the  resonance  spectrum:  the  resonance  field,  the  bnc  shape  or  the  i  ate  bun  y  may  all 
be  affected.  ESR  also  has  quite  high  sensitivity,  although  h  proved  helpful  to  improve  the  signal  by 
stacking  50  plates  each  coated  oo  both  aides  with  a  magnetic  monolayer.  This  served  to  increase  the 
area  of  the  aampte.  but  did  not  introduce  3-d  interactions  since  the  monolayers  were  separated  by 
qpcroscopir  distances  i*  •  partial  vacuum.  The  behavior  of  the  ESR  as  the  temperature  was  lowered 
is  indicated  in  Figs  5  and  6  The  bae  width  waa  observed  to  broaden  and  become  independent  of 
orientation  This  behavior  had  been  observed  in  quasi  2-d  magnets  as  they  approached  a  traantioa  u> 
an  antifmomagnetic  state  |  31)  The  resonance  fields  for  aO  orientations  shifted  to  lower  fields,  but 
the  H0  at  normal  showed  the  greatest  shift.  Its  temperature  dependence  is  show  n  in  Fig.  6.  and  is  seen 
to  be  very  abrupt  below  about  2  K.  This  dift  of  the  resonance  indicates  the  rapid  development  of 
large  internal  magnetic  fields,  which  ia  characteristic  of  an  ordered  magnetic  state.  The  anisotropy  of 
H0  is  large  aad  also  indicative  of  aa  ordered  stale;  I  know  of  no  Mn  compound  that  has  a  remotely 
similar  asisotropy  in  a  paramagnetic  phase. 

The  observation  of  rapid  temperature  variation  of  Hq  to  a  state  with  large  anisotropy  arc  the 
bases  for  the  conclusion  that  aa  exactly  2-d  magnet  of  MaSt2  undergoes  magnetic  ordering  However 
(he  oatarc  of  the  magnetic  state  is  aot  certain  Wa  have  gives  arguments  that  h  may  be  a  "weak 
ferromagnel"  |  32  )  This  it  dowlas  fitly  anttfunomagnatk.  which  accounts  for  the  behaviour  of  the 
line  width,  and  the  susceptibility  (  26  |  .  The  opposing  magnetic  snhtoitioaa  do  aot  cancel  exactly, 
resulting  ia  a  small  ferromagnetic  moment.  This  explains  why  the  resonance  does  aot  disappear 
entirely,  as  happens  wRh  aa  uatiferromagast.  This  model  can  give  e  eeariquaatttstive  (it  to  the 
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unusual  anisotropy  of  Hg  .  u  shown  in  Fig.  7  The  solid  curve  is  a  three  parameter  fit  of  the  theory  ( 
33  |  of  a  uniaiia)  weak-ferrunugnet  to  our  data  One  of  the  fitting  parameters  is  the  temperature  If 
the  i  ran  hi  ion  is  taken  as  2  K.  the  computed  T  -  M  K  u  found  to  be  in  agreement  with  the  measure- 
mem  T  of  I  4  K  There  u  some  difficulty  in  reconciling  one  of  the  parameters  with  an  independent 
estimate  of  the  eschange  field,  derived  |  14  |  from  the  room  temperature  line  widths  We  have 
suggested  alternatively,  that  the  ordered  state  may  he  antiferromagnetic.  hut  that  there  are  missing 
Mn  ions  which  leads  to  a  residual  magnetic  moment,  as  suggested  hy  Neel  f  35  )  This  idea  has 
uunr  support  because  antiferromagnetic  MnSu  has  been  achieved  in  a  very  careful  synthesis  as  a  bulk 
powder  |  th  |  Wr  have  not  yei  modified  the  deposition  of  Langmuir-Blodgeit  films  lo  verify 
whether  films  can  be  made  pure  antifrrromagnets  We  also  lack  a  theory  of  the  F.SR  of  a  defect 
annfrrromagnci 

S.  Dkraiiiia-  I  shall  conclude  with  a  discussion  of  the  relative  advantages  of  the  several  methods  of 
producing  2-d  magnets,  and  some  prospects  As  for  the  evaporated  metal  films,  perhaps  the  reason 
they  have  not  been  prominent  m  studies  of  statistical  mechanics  is  that  magnetism  even  in  bulk  metals 
is  not  well  understood  It  may  be  more  comfortable  to  apply  the  theories  to  insulating  materials  in 
which  we  think  we  know  where  the  spins  art,  and  have  some  idea  of  their  interaction  There  may  be 
an  exception  to  this  in  the  case  of  spin-glasses  the  mayor  experimental  effort  is  on  metals,  and  the 
goal  is  to  understand  the  nature  of  the  magnetic  transition  Here  the  origin  of  the  interaction  may  not 
he  calculable  hut  it  believed  that  its  spatial  variation  is  of  the  Rudeman-Kitlel-  Kaauya-Yoaida  type, 
which  gives  rise  to  the  important  feature  of  the  problem  (the  random  antiferromagnetic  aod  ferromag¬ 
netic  eschange)  Another  factor  ta  the  small  quantity  in  each  sample,  which  limits  the  number  of 
properties  that  can  he  measured  Roughness  of  the  substrate  seems  to  be  a  limiting  factor;  most 
eipenmenters  do  not  have  much  confidence  m  the  quality  of  films  as  thin  as  a  monolayer 

The  I  i nopal  limitation  of  the  technique  employing  the  adsorption  of  gases  on  grafoil  is  that  it 
requires  gases  that  arc  magnetic  02  may  be  a  unique  case,  unless  someone  has  the  courage  to  try  to 
diffuse  •  vapor  of  iron  into  grafoil  (the  grafoil  would  have  to  be  heated)  A  problem  with  grafoil  has 
been  the  lack  of  orientation  and  the  Mali  urea  of  the  flakes,  about  3000  A.  which  limits  ihe  ability  to 


do  angular  variations  and  the  possible  range  of  magnetic  order  This  difficulty  has  been  largely 
overcome  lately  hy  the  development  of  grafoil  with  relatively  large  and  we II -oriented  surfaces  [  37  ] 

The  Langmuir-Biodgeti  technique  offers  a  wider  range  of  possible  magnetic  materials.  Tbc  most 
sludied  case.  MnSij  described  above,  should  be  the  best  eiample  of  a  Heisenberg  interaction  among 
the  transition  metal  ions  We  have  examined  the  other  transition  metal  stearates,  and  other  carboxy- 
lates  (  3H  )  ,  to  search  for  others  that  might  undergo  magnetic  order  The  only  one  that  showed  clear 
signs  of  ordering  was  ferric  stearate  1  39  )  .  The  ordering  temperature  seemed  to  be  greater  than  SO 
K.  much  higher  than  for  MnSt2  .  which  clearly  is  convenient  from  an  experimental  viewpoint  It  is  also 
encouraging  if  one  harbors  hopes  of  applying  these  materials  to  practical  devices  Another  class  of 
materials  that  might  have  interesting  properties  are  rare -earths,  deposited  by  the  Langmuir-Blodgeit 
method.  There  might  be  some  complications  doe  to  the  trivalency  of  these  ions.  One  supposes  that  the 
ions  should  be  close  togclhei  to  gel  strong  interaction,  and  thus  the  minimum  amount  of  hydrocarbon 
chains  seems  desirable.  If  we  are  fortunate,  the  trivalent  rmre-earths  will  not  bind  to  three  carboiyl 
chains,  but  two.  as  has  been  found  for  some  trivalent  transition  metals  I  39  ]  Each  compound  has 
its  peculiarities,  so  it  is  difficult  to  predict  which  will  be  interesting  and  feasible.  It  shook)  be  remarked 
that  the  Langmuir- Blodgett  method  is  less  sensitive  to  surface  roughness  than  are  the  methods  of 
condensed  gases  The  Langmuir- Blodgett  layers  have  some  lateral  strength,  and  caa  suspend  between 
the  peaks  of  of  the  roughness,  thereby  becoming  smoother  than  the  original  surface  (  2fl  |  . 

I  have  touched  on  tome  of  the  unsolved  problems  of  2-d  magnetism,  but  let  me  collect  them  here. 
There  ttiil  remains  to  do  a  definitive  experiment  to  put  the  hfermin- Wagner  Theorem  la  perspective. 
Despite  at  least  three  different  experiments  that  indicate  that  a  2-d  asagnet  does  show  magnetic  order, 
moat  sotod-siaie  physicists  will  say  that  order  is  forbidden,  except  for  the  Ising  model  Ordering  of  a 
Heisenberg  magnet  can  be  induced  not  only  by  nnlaaial  anisotropies,  as  mentioned  above,  but  aho  by 
dipolar  interactioni  (  40  |  .  which  are  whereat  In  magnets  The  fact  lo  he  remembered  is  that 
stability  is  delicate  in  low  -dime  natonal  systems  and  Mall  perturb*  nous  may  have  profound  conse¬ 
quences  Thus  it  would  be  desirable  to  study  the  transition  of  MnSt2  In  zero  magnetic  field,  unlike  my 
experiment  which  needed  a  field  for  resonance  Other  types  of  experiments,  such  as  SOLID  magneto 
are  try,  optical  absorption.  or  Mossbeuer  effect  are  in  progress,  or  should  be. 
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I  mentioned  that  randomness  «u  an  actively  studied  problem,  having  ramification*  in  rkctncal 
conduction  ( localization ).  cptn  glasses.  u  well  as  phaae  izansMions  The  effect  of  random  exchange  it 
predicted  to  he  minimal,  but  random  fields  are  thought  to  have  important  effects  that  depend  on  the 
dtmenv>n*ii(y  It  may  he  important  to  use  exactly  2  d  samples  m  order  to  avoid  confusing  the  effects 
of  randomness  with  the  effects  of  the  third  dimension 

There  are  a  number  of  predictions  of  the  effects  of  variable  dimensionality,  ie  .  the  cross-over 
from  2-d  to  3-d  With  the  ever  increasing  control  of  materials  these  theories  may  be  testable 
1 1  fcanwh  4g»i all  Mv  work  has  benefitted  from  the  contributions  of  many  colleagues  including  A 
Aviram  J  Axe.  P  Brosius.  Ch  Chen.  F  Dacol,  F  Femeu.  G  Grmsteln.  H  Lillicnihal.  R  l.inn.  F 
Mehran.  R  Pekovils.  T  D  Schultz.  B  D  Silverman.  J  Slooczewski.  KWH  Stevens  A  R 
Taranko  Early  work  was  partially  supported  by  the  Defense  Advanced  Research  Projects  Agency  of 
the  Department  of  Defense  and  was  monitored  by  the  U  S  Army  Research  Office  under  contract  No 
DAH  CO4-75-C-00I0 
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Figure 

Fig  HalSlruciwrc  of  stcanc  acid.  (hi  -  (f).  the  ntpi  ia  producing  2-d  magnets  by  the  Langmuir  - 
B lodge  11  itchtuqiK  In  (h>.  tieanc  acid  n  spread  on  the  water  containing  Mn*2  ions  The  ionized 
acid  reacts  with  Mn*‘  to  produce  MnSi}  (c>  Tbe  monolayer  is  compacted,  (d)  A  hydrophilic 
substrate  (eg,  gtas%)  is  inserted  No  film  is  removed  from  the  water  The  barrier  is  stationary  If  the 
substrate  were  hydrophobic,  (e  g  graphite)  «  layer  would  depoeit.  tail  toward  tbe  substrate  (e)  Lifting 
the  substrate,  film  is  deposited  The  barrier  moves  forward  This  produces  a  literally  2-d  magnet  (f) 
Second  layer  is  deposited  by  reinserting  the  substrate  Layers  attach  tad -to- tail  Tbe  meniscus  turns 
downward  tod  barrier  moves  forward  (g)  Third  layer  is  deposited  os  H/tioj  tbe  substrate  Many 
layers  can  be  built  up  by  repeating. 

Fig  2  X-ray  diffraction  pattern  from  I  layer  of  MnSt2  on  a  Si  substrate  Tbe  dots  are  experiments! 

point  1.  the  solid  curve  tt  calculated  from  a  model  structure  described  hi  ref  28 

Fig  3  The  measured  ESR  tine  width,  (peak  to  peak  of  tbe  derivative)  re  #.  tbe  angle  between  H0  and 

,  2 

the  film  normal,  of  2-d  MmSt2  The  sobd  carve  is  the  form  A  ♦  B  (3  coa  •- 1 )  fitted  to  the  data  T 
-  10  K  f  -  9  3  GHz 

Fig.  4  Tbe  ESI  Raid.  Hq.  v».  I.  of  33  mekilayers  of  MaSt2  The  dashed  curve  is  a  fit  to  theory  of 
dipolar  shifted  bars  See  ref  26  T  -  80  K  f  -  34  8  GHz. 

Fig  3  ESR  hue  width  (full  width  at  half  asa»  of  absorption),  of  2-d  MnS<2  n.  temperature  1  and  |  | 
refer  to  the  directum  of  the  external  field  wttb  reaped  to  the  fUm  plant  f  -  9.3  GHz. 

Fig  6  Temperature  dependence  of  tbe  down-field  shift  of  H#1 .  the  peek  of  ESR  abarptioo  in 

perpendicular  orientation,  for  2-d  MnStj  f  •  9  3  GHz. 

Fig  7  Angular  dependence  of  resonance  fields  of  2-d  MnStj.  at  T  -  1.4  K  The  solid  curve  ia  a  best 
fit  to  the  theory  of  wiesssft  ia  a  uniaxial  weak-  farromagnei  (  32  )  . 
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TWO-DIMENSIONAL  ELECTRONIC  SYSTEMS  FOR  HIGH-SPEED  DEVICE 
APPLICATIONS  (  lifted  Paper ) 

Thonas  P.  Ft  anal  l 
Bril  Laboratoia 
Murray  Hll.  New  Jeney  07974 

ABSTRACT 


The  me  <rf  a  twodnsmsiana)  dectrcn  gat  in  electronic  device*  leach  to  improved  performance 
threugh  reductions  in  scattern^.  confinement  erf  the  dectran  current  to  •  wdl-defined  iheo ,  and 
frem  tmlcr  made  adjustments  <rf  the  dectratic  bamfctrucrarc.  These  new  structure*  have  resulted  in 
dramatic  reductions  in  roan  temperature  device  switching  time  and  power  ooraurapbon  compared  to 
elastic  designs  We  will  review  the  physics  erf  thr  epereuon  erf  this  new  das*  erf  devices  and  compare 
results  obtained  tn  ADnAs/GalnAs  heter  (structures  which  have  the  highest  2-dtmenuonal  rienren 
vdenty  and  300K  natality,  with  AlGaAs  GwAs  heter  structure*  which  have  been  the  subject  erf 
mere  a  tensive  fundamental  and  appbod  investigations 


TWO-DIMENSIONAL  ELECTRONIC  SYSTEMS  FOR  HIGH-SPEED  DEVICE 
APPLICATIONS  (  luted  Paper ) 

Tkom  ms  P.  Pear  tall 

Bril  Laborstoia 
Murray  Hill,  New  Jersey  07974 

t.  tanwteriaa 

The  dfect  erf  rwo-dunenstcnal  dectrcn  has  been  uwd  to  achieve  spedaJ  (fleets  in  samiconductor 
devices  fa  nearly  10  yean  since  the  synthesis  of  the  first  semiconductor  super- lattices 1 3  More 
recently,  the  presence  erf  a  two-dmemional  dectran  gas,  confined  to  the  interface  between  a  tugh 
band  gap  and  low  band  gap  semiconductor  have  been  Observed  in  three  systems  erf  QJ-V  compound 
lenuconducton:  InP/G*,  47Ino  u A*,  Alo««lA>j}As  Ga#nli^nA*  and  <rf  course  At^.^s/GeAs.1** 

One  erf  the  striking  feature*  erf  the  twodbusaknal  dectrcn  gas  seat  in  all  erf  these  systems  b 
the  mhanced  raotahty  erf  the  carriers  at  low  dearie  Grids  and  tonpoaturcs,  see  Fig.  1.  Has  dfect 
has  stimulated  much  work  in  laboratories  world- wide  to  realize  a  new  dais  erf  ultra  high  ^eed 
devices  based  ai  thb  dTect.  Of  the  three  systare  mentioned  above,  the  majoity  erf  this  device  dfot 
has  involved  the  AlGaAs/GiAs  tystrm,  because  erf  the  relatively  advanced  Kate  of  both  the  crystal 
grewth  and  device  techndogies  compared  to  the  aher  two.  Thb  weak  has  established  that  the 
jaopcrtks  erf  the  twesdbnendonal  tramp  ret  do  indeed  lead  to  improved  device  perfamance,  but  not 
aaosMarily  in  t*m»  of  ^eeri  atom.  Indeed  nearly  eqwvalenf  ipead  of  pcrfownance  has  bam 
dmonstratad  miag  oemnarinml  OaAs  MESFET  device*. 

If  the  ait  erf  crystal  poMh  ad  device  Mwcriha  rf  the  AlIaAs/GalnAs,  a  the  InP/QelnAs 
system*  could  be  brought  to  the  am  M  a  that  currently  obeyed  by  GaAs,  w a  could  oqmct  to 
aee  an  30%  npromni  tat  qmd  nd  a  facta  <rf  two  retecticn  in  ponr  coeaumpban  m  JOCK.  If 
this  woe  nc*  enough,  the  GalnAs  material  b  ia  addition  conpadbie  with  many  proceariag 
application  ia  kghtwava  cnmnanac  atioaa.  addle  the  QaA*  devices  am  fuadoncntaBy  incompatible. 
Hence,  there  b  consi  Arable  mcrivnboa  to  develop  the  QelnAs  fwo-dmenuonal  electron  system  fa 
device  applicetians. 

Two  aspects  in  particular  of  the  twodmemional  behavia  are  erf  interest  far  device  application. 
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Or*-  mcntxncd  show.  is  the  enhanced  rod* lit y  d  conduction  dectrom.  The  secatd  is  the  actual 
confinonmt  d  the  dectnns  themielve  Thn  latter  future  can  be  used  in  several  ways:  One  is  the 
cbvtros  pruibility  to  perfevm  Afferent  device  functions  m  (Sflerait  layers  of  the  scrmccnducinr 
water  It  has  beat  expiated  to  cm  bine  Nsh  phntadetectian  and  amplifier  Den  in  the  same 
stria:  ture  A  an  sequence  d  ccnfmcmen?  is  the  rnukficMKYi  d  the  band  structure  through  the 
format  kji  ci  mb-bands  The  quantum  wdl  structure  has  hem  used  in  lasers'  and  light-emiturg 
Andes*  to  tune  the  emisuon  to  the  desired  wavelength  The  rtmlu  quantum-well  device  structure  is 
shown  schematically  in  Fig  2  The  cmfinsnoit  d  the  quantum  wdls  shifts  the  wavelength  d 
emission  by  more  than  1000 A  toward  the  visible  The  mult:  qua  mum- wdl  effect  is  particularly 
useful  in  the  Alin  Aw  GalnA*  syvon  because  the  small  effective  mass  (tec  Table  1)  d  electrons  in 
GalnAa  permits  twice  the  tuning  range  pea  a  hie  using  AJGaAw  GaAs  A  1000 A  shift  in  wavelength 
moves  the  emission  bne  d  these  device  from  1  f«7iim  where  the  abruption  d  light  by  epical  fibers 
ss  hsgb  us  \5T,*a  where  abwTpkai  is  at  its  mnarcaim.  TY*s  dJect  is  down  in  Fig  T  Tn  the 
wcuorv  wtach  idloa.  we  will  doenbr  our  writ  an  AlInAs  GalnAs  and  AlGaAs/GaAs  devices, 
showing  how  tlw  two-Ameminnal  electrons  lead  to  new  horizons  in  saniconchictor  device  design 

2  T**  tMavmWiwI  EJfcrit  to  Gat«>bkj>As  Hatwadiwctma 

G*«TIn*»As.  (GalnAa)  n  a  ternary  alloy  with  a  300K  bandgap  d  0.73  eV.  The  dectrauc 
structure* d  this  taaknnduaa  has  been  eatenavely  stuAod  because  d  its  imports..  position  in 
kghrwaw  tdecorarourecabcro  ^piternot*.*  M,  .*ln,},As,  (AJlnAa)  is  indirect -gap  at  TOOK,  with  a 
bandgap  d  1-46  eV"  Both  GalnAa  and  AUnAa  are  grown  lattice  matched  at  InP  substrates.'1  The 
bauc  structure  d  the  AUnAa'  GalnAa  interface  b  shewn  in  Fig-  4.  Mcaau remans  d  the  confection 
basd  dbantsmuty  dew  the  AUnAa  conduct  mji  band  to  be  about  0.5  eV  above  that  d  GalnAs  11 
The  acoaoulatkji  wri)  is  40  meV  deep  mi  conus na  two  «d>-bamh  separated  by  26  meV.14 
Electro*  os  these  sub-bands  shoe  properties  wtach  clearly  reflect  the  tvodraenaiaial  native  d  the 
dectrauc  Hates  which  dominate  the  tnnapoi  The  dartmnic  gw  facta  draws  swbHanbal 
anhanccman  from  its  bulk  rahae  d  -37.  and  values  as  high  as  -9.2  have  been  me  a— rad  at  magnetic 
Adds  wiffri— fly  large  (>  3T)  to  induce  spin  spitting  d  that  Imds.1*  These  mnsiawnam  draw 
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the  presence  d  substantial  anrlstioi  and  mefcaage  dfects  in  tbs  nvodanemaml  system 
Enhancement  d  the  dectran  dfcctbe  mass  d  about  20%  above  its  bulk  value1*  d  0  041  n  aim 
measured  as  a  result  d  the  twoAroerakwa]  ooafinma  and  the  mo-parabcbcrty  d  the  energy 
bands.4 

Two  d  menu  anal  quantum  tranaport  has  alto  been  dnewd  at  the  InP  GalnAs  hetaofunrhen 
interface 1  The  quantum  well  supports  only  one  sub-band  with  no  mhanceromt  d  the  dectiaur  g- 
facta17-"  in  dstmet  contrast  to  the  AllnAa/GalnAa  aystem  Tie  per  wit  ante  d  qua  mum  effacts 
aw  mated  with  the  twenSmenbatal  dectran  gas  at  tonperatures  doae  to  TOOK  mbcatss  the  bgh 
degree  d  confinement  and  absence  d  significant  mterfaoaJ  scattering  at  the  hetmayuneban  '*  It  is 
remarkable  that  tbs  two-dmmicsial  system  b  so  (iff event  ban  AlInAs'  GalnAs.  even  thrash  in 
both  cases  the  currmt  b  earned  in  the  CblnAs  ternary  alloy  That  such  a  difference  could  ««  is 
an  inch cati an  d  the  richnem  d  the  infametian  contained  in  the  results  d  the  two- dime nwena! 
transport  experiments  An  expianatkn  d  the  Urga  difference*  m  dectran  behavia  between  these 
two  systems  will  require  unproemcnti  in  the  quality  and  purity  d  the  matenak  growth  as  wdl  as 
additional  etperimottal  measurements 

The  TOOK  dectran  mrtxlity  d  bulk  GalnAs  b  50%  larger  than  that  d  GaAs,  and  20%  larger  | 

than  the  best  enhanced  mobility  obtained  in  AIGaAa/GaAs  seJectivrly-dqjed  hetotntiucture*  ”  In 
Fig.  5a  w*  show  the  mobility  d  n-type  GalnAs  as  a  functioi  d  carrier  concent  rati  (»  at  TOOK  and 
at  77K.  Note  that  while  the  room  temperature  mobility  b  greater  than  10000  cru1 -V" 'sec1,  the 
77K  mchility.  even  fa  the  mat  pure  materia]  b  consider  ably  lem  than  that  d  bulk  GaAs.  The 
fundvmnul  presence  d  aDoy  dborder  scattering  in  GalnAs  significantly  reduces  Ok  low 
temperature  mobility.1'  In  Fig.  3b,  the  Hall  mobility  d  a  AUnAa' GalnAs  sdecthdy-dopcd 
bet tr (structure  db plays  a  similar  low  temperature  mhancement  from  twcxfanenbanal  effects4  as 
(hat  shewn  in  Fig.  1.  Wide  the  highest  mobility  obtained  (iw>9O0OOan1V  ’sec1)  exceed  the 
best  bulk  results  by  20%  h  b  still  one  order  d  magnitude  leas  than  the  best  comparable  figures  fa 
AlGaAft/GaAs  structurm*  Fa  this  reason,  CfclaAs  may  aa  be  the  pref tried  material  fa  low 
temperature  nudes  d  rwoAmubcnat  dhdt,  hawwm  its  higher  roam  temperature  mobility  makes 
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K  va\  sHr acute  ter  device  application* 

In  high  speed  dctirmc  or  optica]  device  applications.  additional  ptfryacal  feature*  d  the  two- 
Ammuinal  sonjcmducicr  syston  need  to  he  taken  into  account  in  cider  to  optimize  device 
pert  emance  In  crmp.inng  the  AlGaAvGwAs  system  to  the  AH  nAfc'  GalnAs  system,  both 
tahn<iop(a)  arvl  fundamental  properties  came  uuo  play  In  the  preceding  paragraph  wc  have 
Ascuswd  the  relative  motilities  d  they;  two  systems  The  speed  d  a  tigh-Odd  majority  cams 
device  such  as  an  FFT.  is  dromninal  not  by  the  low  fidd  natality.  but  rather  by  the  drift  vdoaty 
While  the  rwrvAmmsional  dectrcr  gas  in  Ga  As  may  have  a  higher  Hall  mobility  at  77 K,  the  drift 
vdoaty  drrs  net  sfprar  to  be  significantly  dfferent  -  1  5M0’cro  sec 

In  GalnAs.  the  high  fidd  Ao/t  velerity  b  50%  higher  ^2  1  xlOYro-vc,  and  again  ders  not 
increase  in  a  rwx>dmrnmuil  structure  u  24  However,  another  impmant  device  fruperty,  the  power 
dsupwim  ekes  depend  inverslv  cm  the  mobility  nectrons  in  all  Til- V  materials  can  gain  only  a 
tew  tens  of  millivolts  d  energy  at  high  vdoaty  before  they  scatter  into  a  low  velocity  unk  at  the  L 
rarumum  The  1-L  splitting  is  an  essential  parameter  in  determining  FFT  performance  2'  For 
GalnAs  tfis  splitting  is  0.55  eV.  60%  larger  than  in  CdAs,  indicating  a  considerable  advantage  in 
mam  taming  higher  current  and  tagher  ohsft  vdority  in  the  ternary  alloy  *  In  e**ry  instance,  the 
deevcwuc  structure  f avers  GalnAs  orr  GaAs  as  a  high-speed,  Icw-noue  material  for  two- 
Amenaimal  device  applications 

Two  features  d  the  device  technology  which  are  desirable  for  high  speed  device  fabrication  are  a 
tagh  quality  Schonky  barrier,  ewenttal  fee  obtaining  short  gate  length,  and  goad  confinement  d  the 
2d  electron  gas  even  at  high  current  levels  GaAs  has  both  d  these  features,  while  the  lachndugy  d 
Alin  A*  GalnAs  can  produce  cniy  mediocre  Schonky  barriers  and  confinement.  Hence,  the  choice 
he  tween  these  two  materials  is  essentially  a  trade-off  between  ease  d  fabrication  versus  potential 
perfi-rmance  }3}‘  A  summary  rf  some  relevant  properties  for  tweximensiowtal  dectror  device 
materials  is  psen  in  table  1  It  scans  certain  that  continued  research  werk  will  produce  a 
satisfactory  Sduttky  gate  techndngy  It  is  kas  dear  that  development  d  the  materials  growth 
lvhnx|ues  wfl)  produce  the  lightly  doped  p-type  layer  which  it  needed  to  obtain  good  carrier 
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3.  Dwicn  aarf  ftrfarwanr*  of  Seas  J-Dtrandowl  Btctraw  Drvfcw 

a  High  electron  mobility  troiuutors 

The  announcement  by  Miraura.  Hiyamizu,  and  co-workers  at  Fujitsu  in  1980  of  selectively- 
doped  AlGaAifGaAs  fidd- effect  transistor  (FETJ  provided  the  first  demonstration  d  the  bsirfciaJ 
effects  d  the  2-dinxmicnal  electron  transport  in  the  chamd  repon27-2*  The  basic  FET 
configuration  employing  a  2-dmensional  dectrcr  gas  in  the  channel  is  shown  in  Fig  6  The  band 
width  d  the  transistor  b  char  an  sized  by  the  ratio  cf  the  transcnnductance  ga  to  the  input 
capacitance  d  the  gate,  C« 
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2wC, 
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where  VD  b  the  dectron  chft  velocity  end  is  the  length  d  the  gate.  The  wnscaufuctance  is  the 
Afferoitial  increase  in  source- to  dram  cun  Oil  for  an  incremental  change  in  gate  voltage.  While  the 
transccnductance  can  be  raised  by  increasing  the  carrier  ememtration  in  the  charm d,  this  gain  is 
offset  by  an  increase  in  capacitance.  Fr  b  ultimately  lira  ted  by  the  transit-time  undv  the  gate 
which  is  a  function  d  the  Aifl  vdority  and  seme  geometric  factors 


The  enhanced  mobility  of  the  2-Amemknal  electron  gas  obtains  only  when  the  dectric  fidd  b 
low,  that  is:  at  the  source  and  chain  regions  The  effect  d  the  high  mobility  b  to  town  the  parastk 
resistances  associated  with  the  distant  a  between  the  source  and  A  am  contact  and  the  gate  rep  on  as 
indicated  in  Fig  6  Thor  resistance  reduce  the  measured  t ran* conductance  from  its  intrinsic  value: 


g»(meas)  -  g.,(intr)/(I-*R,  g.(intr)J 


(2) 


Parasitic  resistance  effects  can  be  reduced  obviously  by  shortening  the  spacing  between  the 
ohmic  contacts  and  the  gale.  Hwewr,  a  reduction  bekiw  2jan  leads  to  avalanche  breakdown 
between  the  gate  and  Aain  and  operating  vdtages  too  small  to  make  the  device  usrful  The 
increase  in  mobility  gained  by  using  2 -dimensional  electrons  in  the  channd  also  serves  to  reduce 
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pv  <m'k  roiitances,  and  is  an  alternative  to  Queuing  the  source- gat  wefain  springs  which  have 
practical  hmiiv  as  discussed  above  Dung  L^n  2.  it  can  be  shown  that  (or  GaAs.  a  diaroid 
pr«*M:it>  d  I'/XtO  cm1  V  ' sec  1  is  suflksent  to  reduce  parastic  efforts  to  ntglible  levels.  Thus,  an 
rr  reate  oma  nxixlity  front  4.000  cm1  -V  'see  1  to  6000  an^V  ’sec  ' ,  aduevod  using  a  2- 
droemictml  eketren  gas.  ugrxfkantfy  tntfrors  the  measured  g,,  witheut  any  accompanying 
increase  in  capacitance  The  direct  dfect  of  the  2 -dim  era  i  trial  dec  Iron  gas  is  thus  to  increase  the 
amour*  d  curroit  m  the  transistor  without  any  degradation  in  switching  time 

In  Pig  7  we  shew  (hr  dc  characteristics  taken  at  77K  for  an  AJ GaAs/ GaAs  transistor  (7a)  and 
a  Alin  As.  GatnAs  ttaraasur  (7b).'”  The  effect  d  the  2d  gas  cn  the  characteristic  is  immediately 
evident  in  the  sharp  nse  in  the  <kain  current  leading  to  saturation  at  less  than  IV  The  slope  d  this 
hne  u  a  measure  d  the  parasitic  resistances  These  two  Cremators  show  nearly  identical 
characteristics  with  traracmductance  d  about  300  mS/rnm. 

b  High  Speed  Integrated  Circuits 

The  switching  speed  d  2-dinwwanal  dectrro  gas  trawsters  falls  coremcnly  in  the  range  d  10- 
30p  tec  Dday  tunes  this  shot  are  meat  ccwveniemly  measured  using  a  ring  tacilUtcz  integrated 
or  cun  with  a  large  enough  number  d  stages  to  give  an  eaaly  tneasureabk  round-trip  tratuit  time. 

The  time  dday  is  composed  d  the  transit  time  d  the  charge  under  the  gate  and  the  time 
requred  to  charge  the  gate  and  parasitic  capacitances,  C, 
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In  Ergs  3.  V  a  the  kgic  swing  which  is  determined  by  system  specifications,  and  In  is  the  channel 
cun  a*  from  the  previous  stage  which  charges  the  pte  and  inter -ccnrecticn  wira 


r-|-i»v»-|«(wv0v1».  («) 

O  is  the  she*  dtarp  d  the  2-dimmsiorail  electrons  W  is  the  width  d  the  pie  and  Vw  is  the 
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tourcodain  bias  vtftage  In  Eqns.  3  and  4,  the  presence  d  parasitic  resistance  results  in  a  lower 
value  d  In  The  powv-time  delay  product  may  be  expressed 


PT  «  i-  VM  dOW  Lj 


1  q>v  vc 

2  I» 


(3) 


The  poser- time  delay  product  consists  d  turn  terms,  the  first  depending  on  irArirwic  transport 
properties  and  the  second  on  parasitic  rffects  By  introducing  a  2 -dm  ansi  anal  elect  rm  gas  in  the 
channel  region,  the  power  time  delay  product  is  reduced  because  the  chanrvl  current  may  be 
increased  without  increasing  the  supply  voltage  In  additicn  this  allows  the  number  d  gates  to  be 
driven  by  the  transistor,  or  the  fan-out,  to  be  increamd  If  the  fan-cut  is  rut  m: reared,  then  the 
requred  source  chain  vdtage  can  be  redred  In  das  way  the  power  consurapucm  is  dramatically 
reduced  and  a  smaD  lacrifiee  in  speed,  as  can  be  seen  in  Eqra  3-5  because  the  parasitic  effects  are 
null. 


In  Fig.  8  we  shov  power  time  delay  product  for  several  types  d  high-speed  devices  indudi* 
Josephson  junction  switches.  It  cm  be  seat  in  Fig  8  that  FET  circuits  mini  2 -dimensional 
dectrais  in  the  channel  show  the  best  PT  product  d  any  sodcondictor  device  currently  under 
study  In  table  2  we  show  a  summary  d  some  current  results  far  these  kinds  d  devices. 

Because  d  the  need  to  develop  an  integrated  circuit  techndngy  in  arefcr  to  teat  high  speed  FET 
devices,  the  itnoentum  exists  to  pursue  ether,  mere  complicated  circuits.  Kiehi  aid  co-werkcn” 
from  Bdl  Labs  have  vtncunced  results  ai  a  divide  by  two  circuit  which  operates  at  2i  Ghz  at  room 
temperature.  Fujitsu  has  arexamced  a  majer  effort  to  use  the  high  electron  mobility  tnnastcr  in  a 
1000-gate  device  few  a  new  rakxoprocesiar.  The  mtmal  advantage  d  2-dimouiowl  dectrtn 
devices  in  integrated  circuits  is  dm:  The  tower  power  tfasipaticn  through  reduction  of  parasitic 
resistance  all  art  %  higher  packing  doisity,  which  uqpbrt  shater  interecnnact  dsuncts  and 
imprtwed  witching  times 

The  future  d  high-speed  2-dimensianal  electron  FETs  is  best  summarized  in  Fig.  6,  reproduced 
here  from  the  work  d  Abe.  at  al.**  The  total  allowed  power  duipabon  per  dap,  which  is  fiwH, 
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TA7U-E  CAPTIONS 

Tabic  1.  Some  physical  parameters  for  seme  IU-V  seroioonduaar  materials  mat  able  for  2- 
dimensional  dectiai  devices  The  saturated  drift  velocity,  (VD),  the  dectrm  effective 
mas*,  and  electron  mctnbty  are  among  die  meat  irapcrtani  parameters  affecluy  device 
performance 

Table  II.  Some  pofomance  results  obtained  in  HI«V  It  Is  and  circuits  employing  a  2- 
cfrotnsiona)  d  ecu  an  ps  in  the  channel  Fur  reference,  some  results  far  conventional 
Oa As  MESFETs  are  included.  Direct  comparison  rf  ring  oriUaUV  results  should  net  be 
made  because  (he  power  dissipation  is  prcfvrtianal  to  device  size. 
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FIGURE  CAPTIONS 

Figure  1.  Hectrai  mobilit>  d  the  2-dimaisianal  dectran  gat  at  (he  AlGaAt/Ga At  interface  The 
best  samples  show  ■  rods  lit  y  greater  than  KPoii1V~1mc  1  at  4K.  (After  Dilormzn,  a 
a)  *  Reproduced  with  the  permission  d  the  authors  and  the  IEEE.) 

Figure  2 .  The  structure  d  the  AlGaAs/GalnAs  multiquantum-well  laser  The  shift  d  the  light 
emission  toward  higher  energies  can  easily  be  made  quite  large  because  d  the  low 
electron  effective  mass  d  GalnAs. 

Figure  3.  The  output  spectrum  d  a  rauhiquantum  well  laser.  The  output  wavelength  has  been 
shifted  from  17  |*n  to  1JS  ^an  by  virtue  d  (he  quantum  confinsuent  d  the  2- 
dmensiorsal  dectrats. 

Figure  4.  The  electron  structure  d  the  AlInAV GalnAs  hetero  interface  Two  dectnric  sub- 
bands  are  seen  in  the  quantum  transport  properties 

Figure  5.  The  dectran  mrtrility  d  GalnAs  is  affected  by  alloy  scattering  (a)  In  bulk  samples  the 
presence  d  alloy  scattering  lowers  the  77K  mobility  to  -  J*10*cm,Vtsec1  for  a 
background  doping  d  l*lOl,cm  ’  (b)  In  a  2-dimawiunal  decuai  gas,  sente  d  this 
scattering  is  avoided  and  mdrihties  as  high  as  9 *10“ era'  -V  ls«c  1  have  been  readied  at 
the  same  impurity  levd  (Fig  5b  after  Kastalsky  et  al  *  Reproduced  with  the  permission 
d  the  authors  and  the  A1P ) 

Figure  6.  The  structure  of  a  2-dimen5ioial,  idectivdy -doped  AlInAV  GalnAs  FET  The 
contribution  d  the  mobility,  enhanced  by  the  2-dunenuoial  axifinemcm  of  dectrans 
from  irapuritia.  it  seen  ctudly  in  lower  parasitic  resistances  The  device  speed  is  United 
by  the  electron  drift  vdoaty 

Figure  7.  Currett-voftage  diaractcnatia  for  sane  2-<fmer»i<nal  FETs  at  77K 
(a)  AlGaAs/GaAs  and  (b)  AllnAv  GalnAs  These  devices  are  built  Iran  Afferent  2- 
duneraiona]  materials,  but  share  a  comnm  structure,  and  geanetry  The  matured 
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Abstracts-  Effects  of  electron  heating  on  Shubnikov-de  Haas  oscillations  are 
studied  at  4.2K  in  N-AlGaAa/QaAs  heterostructures.  Electron  temperatures  Te 
are  determined  and  found  to  depend  only  on  the  input  power  Pe  per  electron, 
suggesting  the  dominant  energy  relaxation  process  in  low  temperatures  la 
independent  of  sample  mobilities  and  carrier  conentratlona  When  Pe»  10'rtW  and 
Te  ■»  4.' IK.  extra  peaks  ire  observed  for  the  first  time  in  SdH  oscillations,  which 
,»n  he  attributed  to  the  resonant  emission  of  optical  phonons.  The  electron 
heating  is  found  to  reduce  the  plateau  width  of  quantized  Hall  resistivities, 
probat ly  because  sum  a  heating  causes  the  delocalization  of  electrons. 


electric  field  and  undergo  extra  scattering  mechanisms.  Hence,  we  attampt  in 
this  paper  to  evaluate  the  electron  heating  process  In  N-AlGaAe/GaAs 
he tero Junctions  by  measuring  the  electric  field  dependence  of  Shubnikov-de 
Ha an  (SdH)  osc Illations  in  the  low  and  medlua  magnetic  field  range  (B<6T). 
Furthermore,  we  study  the  effect  of  electron  heating  on  SdH  oscillations  at 
4.2K  in  high  magnetic  field  range  (6T«B<15T)  and  present,  for  the  first  time, 
the  direct  evidence  of  the  resonant  emission  of  optical  phonons  by  hot 
electrons.  We  investigate  also  the  electron  heating  effect  on  quantized  Hall 
resistance  and  show*  that  the  use  of  excessive  current  level  results  in  the 
rise  of  electron  temperature  and  leads  to  the  reduction  of  the  Hall  plateau 
width,  even  though  the  power  consumption  la  essentially  zero  In  the 
plateau  regions  because  of P  xx  being  zero. 


1.  introduction 

The  study  of  two-dimensional  '2D)  electron  transport  along  the  layer 
planes  of  AlSaAs/i^iAs  superlattices  and  heteroj unctions  was  Initiated  In  1977n> 
anil  has  become  an  extremely  important  subject.  One  of  the  main  reasons  of 
this  importance  is  that  electrons  in  this  system  can  be  well  isolated  from 
their  parent  donor  Impurities  in  AlGaAs  and  exhibi*  extremely  high  mubllities 
at  low  tempera tu res? * 

Advantages  of  using  such  a  high  mobility  system  are  well  recognized  and 
are  already  applied  »o  such  devices  as  high-speed  field-effect  transistors"’4* 
and  a  standard  resistor  based  on  the  quantized  Hall  effect'*1  It  la  because 
•  higher  electron  mobility  leads  to  a  higher  switching  speed  in  the  former 
application  and  the  forma ti or,  of  well-defined  Landau  levels  (Ufct  ->**»!> 
in  the  latter.  One  should  note,  however,  that  such  a  benefit  of  the 
high-mobility  system  is  hot  always  effective,  but  could  be  Invalidated  in  many 
cases,  eapeci.il  ly  when  ale-trons  are  heated  appreciably  by  an  applied 
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2.  Expertmetal  Methods  and  Results 

( ) )  Sample  Preparations 

Samples  used  In  the  present  study  are  modulation-doped  n-AlGeA*/GaAs 
single  heterostructurea  grown  by  molecular  beam  epttaxy.  They  were 
fabrlceted  by  growing  onto  saml-tnsulatlrg  substrates  a  0.6-1.0jtm  thick 
undoped  GaAa  layer,  sr  undoped  AlGaAs  spacer  layer  and  a  0.1  Jim  thick  Si -doped 
AlCaAs  layer  successively.  Table  I  aim— arises  the  sa^ile  specifications; 
namely, the  alloy  composition  x,  the  thickness  of  undoped  AlGaAs  spacer 
layers  Wap, the  electron  concentrations  Ns  and  the  mobilities  ^A  at  4.2K.  Note 
that  they  cover  a  wide  range  of  Ns  and  ^A  .  Each  sample  was  shaped  into  a 
standard  Hall  bar  geometry,  SO^im  wide  and  600 Jim  long  by  mesa  etching 
technique.  Potential  probes  on  this  Hall  bar  were  placed  at  two  positions 
which  were  200  away  from  the  and  electrodes .  All  the  measurements 
were  done  by  flowing  constant  current  Jx  and  measuring  the  fields  Ex  , 
Ey  ,  parallel  and  perpendicular  to  the  current,  respectively. 
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(?)  Electric  Field  Dependence  of  SdH  Oscillations  and  Electron  Temperatures 

When  the  two-d leans tonal  electron  gas  (2DEG)  la  heated  appreciably  by 
an  applied  electric  field,  the  the real  equilibrium  between  the  electron  system 
and  the  phonon  system  collapses;  the  result  of  such  heating  can  be 
approxiaateiy  described  by  one  parameter,  "electron  temperature  Te".  Since 
the  Increase  in  electron  temperature  leads  to  the  daaiplng  of  SdH 
oscillations,  one  can  determine  Te  from  the  electric  field  dependence  of  the 
S<X  oeci llstlons .  Figures  1  and  2  shows  a  typical  results  of  SdH  measurement 
at  4.2K  and  clearly  indicates  the  damping  of  SdH  oelllations.  We  estimated 
the  electron  temperature  Te  on  various  samples,  from  at  relatively  low 
magnetic  field  range  (B<3T)  under  the  assumption  of  constant  Dingle 
temperature.  (This  assumption  Is  relevant  because  the  2DEG  mobilities 
scarcely  change  at  low  temperatures  (TOOK)).  On  the  other  hand,  the  simple 
relation  of  power  balance  is  described  by  the  following  equation: 

k(T#-T«,  )/Te  .  <ExJx/Ns>  -  Pe  (1) 

where  TK  is  the  lattice  temperature. Te Is  the  energy  relaxation  time  ,  Ex  ia 
the  electric  rield,  Jx  Is  the  current  density  and  Pe  is  tha  input  power  per 
electron.  Equation  1  suggests  that  the  rise  ( Te-T* )  in  electron  temperature  is 
uniquely  determined  by  the  power-relaxation-time  product  Pe-Te.  Hence,  we  have 
plotted  in  Pig. 3  the  measured  values  of  Ts  as  a  function  of  Ps.  Not#  that  the 
experimental  data  (circles,  triangles  and  squares)  for  three  different  aaaplea 
fall  on  a  single  curve,  although  the  electron  concentrations  Ha  and  tha 
mobilities  yk  differ  widely  from  sample  to  eaapls.  This  indicates  that  a 
dominant  cooling  process  of  heated  electrons  is  independent  of  No  and  )k  and 
that  t<  ll  determined  by  a  rather  universal  mac  hen  lam. 

A  similar  attempt  to  obtain  a  T#  vs  Pe  curve  vms  recently  done  by  J •  Shah 
et  ai?'by  using  the  photo luminescence  measurement  on  modulation-doped 

GmAe/N-AlOaAs  euper lattice  structures.  Their  results  are  plotted  by  a  solid 
line  in  Pig. 3.  Although  their  work  covers  the  range  of  hi#*ar  tsmpsreturee 
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(20K<  Te  <  90K)  and  ours  the  lower  temperature  range  (4.2  «  Te<  25K) .  these  two 
measurements  can  be  connected  smoothly,  suggesting  again  the  universality  of 
energy  loss  mechanisms. 

When  we  estimate  T*  from  the  data  point  of  Pig. 3  in  tha  range  of  T#<2GK, 
we  find  Te*9.4  nsec  at  Te-5K.  $.4  nsec  at  Te-lOK,  and  4.7  nsec  at  Te*20K.  Such 
large  values  of'te  indicate  that  the  energy  loss  mechanise  in  this  range  is  not 

so  efficient  end  lead  to  the  rapid  rise  of  Te  with  Pe.  As  suggested  by  G. 

*> 

Bauer  and  H.  Kahlert  for  bulk  TnAa,  the  nmln  loss  mechanism  in  this  region  is 
likely  to  be  the  emission  of  acoustic  phonons,  since  Te  la  a  little  too  low  to 
emit  optical  phonons  efficiently.  We  discuss  In  the  next  section  the  dominant 
energy  loss  mechanisms  in  higher  temperature  range. 


(3)  Effects  of  Electron  Heating  on  P  xx  at  High  Heretic  Fields  and 
Nmgnetophonon  Resonance 

When  the  input  power  Pe  to  heat  electrons  is  raised  above  1CT*  W,  then  Ts 
is  expected  to  exceed  2SK  end  the  amplitudes  of  SdH  oscillations  in  the  range 
of  week  magnetic  fields  (B<3T)  become  vanishingly  smell.  Hence,  it  Is  no 
longer  possible  to  determine  Ts  slaply  from  the  SdH  data  in  the  low  field 


range. 

In  the  rang#  of  high  magnetic  field,  however,  an  oscillatory  nature  of 
resistivity P xx  is  still  preserved  ea  shown  in  Plg.l  and  2.  If  one  examines 
the  oscillations  in  Pig. 2  closely, than  one  notices  the  afpsarance  of  two  extra 
peeks  at  B-«T  and  12T,  as  the  current  level  is  raised  up  to  4  6mA /cm.  To 
clarify  the  origin  of  such  peaks,  wa  have  performed  similar  measurements  on 
various  aasples,  and  found  out  that  these  peaks  at  1-12T  and  6T  appear  in  all 
tha  aaaplea,  irrespective  of  tha  carrier  concentrations  Ha  (and  the  Fermi 
levels)  ,aa  shown  by  the  arrows  in  Plgi.l.  2  and  4,  although  the  solitudes  of 
pa  aka  are  acawdiat  different  from  saple  to  aa^le.  This  suggests  that  theme 
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pwaks  are  not  SdH  oscil  l*  t  tori*  but  are  likely  to  result  from  the  magnet  op  honon 
resonance  : KPR t  process,  which  Is  Independent  of  Ns.  In  fact,  the  cyclotron 
energies  (TU* *TleB /a )  for  B-12T  and  6T  are  exactly  equal  to  (1/2)  and  (1/4)  of 


(4)  Effects  of  Electron  Heating  on  Quantized  Hall  Resistance  R( 


the  optical  phonon  energy  Ti**^  (  36<*eV )  .  and  satisfies  the  condition  of  the 

■agnetophonon  resonance  (Tlw^-  phuj,). 

To  confirm  this  Interpretation,  further  we  have  carried  out 
eagne  tores  is  fence  meesuremen t  both  at  4.2K  and  at  17  tK  on  s  sane  sample  by 
using  a  pulsed  "nagnet  as  shown  in  fig. 4.  The  high  temperature  data,  shown  by 
the  broken  line,  exhibit  clearly  the  presence  of  three  WR  peaks  at  B-24T.12T 
and  0T .  whereas  the  low  temperature  data  shown  by  the  solid  llnee  exhibit  the 
corresponding  peeks  at  B-1ZT  whan  the  current  level  la  raised  above  s  certain 
value.  Hence.lt  can  be  concluded  that  extra  peaks  which  appear  In  SdH 
oscillations  at  high  current  levels  are  the  first  direct  evidence  of  the  MPR 
process . 

Mote  that  the  MPR  observed  in  low  temperature  regions  la  caused  by  the 
resonant  emission  of  optical  phonons,  whereas  the  usual  M>R  observed  at  high 
(or  Intermediate)  temperatures  are  due  to  both  the  emission  and  the  absorption 
of  optical  phonons.  Hence,  the  appearance  of  the  MPR  peaks  In  the  low 
temperature  data  can  be  viewed  as  an  evidence  that  Te  la  high  enough  to  emit 
appreciable  number  of  optical  phonons. 

To  estimate  Te  in  these  regions  where  MPR  peaks  are  observed,  vs  calculate 
first  the  Input  electrical  power  per  electron  Ps.  Because  the  resistivity  p— 
is  high  in  such  high  ascetic  Held,  Pe  (-  ft,J*/Ms)  Is  found  to  be  as  high  as 
10*aV.  If  one  puts  this  value  Into  Fig. 3.  then  Te  for  the  onsst  of  optical 
phonon  emission  Is  estimated  to  be  approximately  40-50K.  Such  values  are  quits 
reasonable  In  view  of  the  tact  that  a  photo luminescence  study  of  Shah  et  al. 
has  established  that  the  dominant  energy  loss  mechanism  of  two  dimensional 
electrons  for  Te  >  40k  la  due  to  optical  phonon  emission ,  as  Illustrated  by  the 
upper  portion  of  the  solid  curve  In  Fig. 3. 


One  expects  that  the  heating  of  electrons  may  affect  the  quantized  Hall 
effect  (QHE).  We  measured,  therefore,  the  Hall  resistance  RN  at  4.2X  at 
different  current  levels  J,  aa  shown  in  Fig. 5.  One  notices  that  the  width  AB 
of  plateeu  regions  Is  reduced  as  J  is  increased.  Fig. 6  shows  the  measured 
plateau  width  AB  as  a  function  of  current  density  J.  Also  plotted  In  Fig. 6 
are  the  two  magnetic  fields,  corresponding  to  _ne  two  edges  of  the  plateau 
region.  We  also  plot  the  electron  temperature  Te,  which  is  estimated  from  the 
SdH  oscillations  in  the  low  magnetic  field  region. 

Figs. 5  and  0  suggest  that  the  electron  heating  with  a  current  above  a 
certain  threshold  reduces  the  plateau  width  considerably.  Such  a  tendency  is 
probably  due  to  the  fact  that  the  electron  localization  mechanism  responsible 
for  the  plateau  formation  is  disturbed  by  the  high  current  density. 

One  should  be  aware,  however,  that  the  Input  electrical  power  Pe  («  ft*  J* 
/Ms)  dissipated  in  this  system  becomes  almost  zero,  once  the  system  is  in  the 
plateau  region, where  the  resistivity  ft,  ia  vanishingly  small,  aa  shown  In 
Fig.l.  Hanes,  the  electron  system  at  the  edge  of  plateaus  is  expected  to 
experience  a  kind  of  phase  transition  between  a  non-dlaeipativs  stats  and  a 
dissipative  state,  as  the  magnstlc  field  is  swept.  This  transition  la  probably 
the  main  reason  for  the  appearance  rather  sharp  structures  on  the  two  edges  of 
Hall  plateaus  in  Fig. 5  and  the  two  edges  of  zero  resistance  states  in  Fig.l. 

To  clarify  the  reason  for  the  observed  shrinkage  of  the  plateau  width  SB, 
ws  measured  A  B  at  lower  temperatures  ( l .  3K  *~  « .  2JC ) ,  as  shown  by  the  squares  In 
Fig. 7.  Mote  that  4 B  determined  at  a  low  current  level  decreases  monotonicslly 
whan  the  lattice  temperature  T*.  Is  raised.  This  indicates  that  the 
localisation  of  electrons,  which  la  responsible  for  the  plateau  formation,  la 
lass  prominent  at  higher  texg>eraturea .  It  also  suggests  that  the  shrinkage  of 
aB  observed  at  4.2K  for  higher  currant  levels  (Fig.O)  could  be  ascribed  to  the 
rise  of  electron  temperatures  Ts  by  the  electric  field.  To  check  such  an 
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interpretation,  we  picked  op  the  electron  temperature  data  Te(J)  of  Fig. 3  and 
also  the  plateau  width  dataAB(J)  of  Fig. 6  and  eliminated  the  common  variable 
J.  The  results  are  shown  in  Fig.?,  where  4  B  is  replotted  as  a  function  of  Te. 
Note  that  the  4  B  vs  Te  curve  connects  smoothly  with  the  4  B  vs  T*.  curve.  Such 
a  smooth  connection  au&ceats  thet  the  temperature  of  the  electron  system  is  the 
dominant  factor,  which  determines  the  electron  localization  proceaa  and  the 
plateau  width  in  the  present  system. 


In  summary,  effects  of  electron  heating  on  Shubnlkov-de  Haas  oscillations 
are  studied  to  evaluate  electron  temperatures.  We  have  shown  that  the  rise  in 
electron  temperature  sTe'-Te-T*)  in  tha  low  temperature  range  ia  described  by 
the  power-relaxation -time  product  '  Te-Pe  "te/k)  wlthTe  5  naec  and  that  the 
energy  relaxation  timers  ia  independent  of  sample  parameters.  The  electron 
heating  with  the  power  Pe  in  excess  of  10‘'*  W  per  electron  is  shown  to  generate 
extra  peaks  in  magnetorealstlvltles,  which  can  be  ascribed  to  the  resonant 
emission  of  optical  phonons.  Finally,  electron  heating  la  shown  to  laad  to 
the  electron  delocalization  and  result  In  tha  shrinkage  of  plateau  width  in  the 
quantized  Hall  affect. 
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Fig. 7  The  location  and  the  width  of 
Hall  plateaua  ad  a  taction  of  ^ 
lattice  tenpereturea  (squares)  and 
electron  temperatures  (circles). 
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Dlmenat.  nalltv  Cronsjvet  of  Spin-Orbit  Scat  in  In*  Observed  vtn  Localisation 
Effects 

B.S  'arViewicz.  l  Rolling,  and  J.S.  Brook*** 

•V'rt  beast »  r"  1  *i  vi-i  ■  t  ■■  ,  Boston.  Maas.,  USA.  'Boston  University,  Boston, 

♦  a* 

M.iss .  :s>.  i'  Bitter  National  Magnet  Lab.,  Cambridge.  Mas*.  USA 

In  t‘-  -  ..riture  ran#  .  i  SHE.  uitrathlx  lilac  ..|  Pd/Pd?Si  (A-5SA) 

.1  f  •  t  •  .  ,i  .  h.  r  r  -'pi.  Mgncl..ret  stance  which  Is  l-'gat  Itheic  in  field 

at  MrI  ri..-:.,  fields.  characteristic  of  two-d  l mens  inns l  local  Izat  Ion  with 
strong  Ititfi-  lneisl-nal'  spin  .  rhtt  scattering.  At  lower  temperatures,  the 
pz^pctiuesi  .re-ice  satu^i* «  a  to  a  f  i* Id  •  Independent  value.  We  interpret  this 
I'h-ing-'  a.  d  p  ;j  a  crossover  of  spin-orbit  scattering  fro*  its  hulk  value  to 
a  f.-rn  c»..*ta  ■  tlstic  »•*  a  2-d  flip  The  reaultlng  aagnetor* alatsret*  is 
c.nioti-nt  :  t  *•  the  theoretical  results  of  Hlkaei ,  Larkin  and  llagaoka. 

Belov  '0.5*.  ->ut  analysis  is  complicated  by  soperctmductltt*  effects  in 
t  .  Pd^Sl 

1.  Intr  » ■;  icti-n 

In  a  recent  analysis  of  low  tcsperaturi  (T«l . 3-SOK)  mgneloreslatance 
(or)  of  ultrathin  Pd  film  (6-55A)  on  Si  substrates  (1),  we  found  e  general 
overall  agreement  wtth  localisation  theory.  However,  the  data  displayed  an 
ancsalous  terr>erature- dependence  of  the  amplitude  of  the  sr ,  which  decreased 
wtth  decreasing  T.  To  study  this  behavior  further,  we  have  matured  nr  of 
s  In  i  *  ir  Mies  at  still  lower  T  (0.07V1K)  in  a  dilution  refrigerator.  Theac 
»  reveal  i  new  anoailv — th#  er  saturates  to  a  f  la  Id-  independent 
val-ie  .it  high  fields.  We  believe  that  both  anomllea  can  be  Interpreted  aa 
Indicative  of  a  changeover  of  the  sptn-orblc  scattering  from  a  3-d  (at  high  T) 
to  2-d  behavior.  This  earn  mechanism  ran  also  explain  unuaual  structure 
observed  in  the  t*ro-fleld  resistivity  of  st.ee  film. 

••  Supported  at  HIT  by  the  Rational  Science  Foundation 
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2 .  Magnetoresistance  of  the  filns . 

Localisation  theory  predicts  (2)  a  magnetoconductance  given  by  (for  H| 
the  file): 

to  -  8«»|  "  *2  +  j(*3  “  <4))  (1) 

where  B  *  e^/2iB  and  ■  ¥>(^  +  X^)  -  In(Xj),  w  is  the  dlganea  function, 

2  2 

Xj  •  Ijj  “  Itc/eH,  and  the  l^'s  are  various  combinations  of  scatter¬ 

ing  lengths:  ^(elastic),  (inelastic) ,  8.^  (magnet  ic  Impurity),  and  1 
(spin-orbit  scattering).  If  spin-dependent  scattering  is  negligible,  only 
'♦<3  contributes,  with  «  9^  <*  T  P.  with  the  exponent  P  being  characteristic 
of  the  Inelastic  scattering  mechanise.  In  the  Pd  film,  electron-electron 
scattering  Is  donlnant,  with  P«2.  However,  In  Pd  spin-orbft  scattering  is 
very  strong.  If  iBo  is  isotropic,  only  (J»4  contributes  to  Ao,  end 

“  (2l#l  +  Ij1).  Since  the  spin-orbit  scattering  is  proportional  to  the 
angular  eomentue  r  x  p,  in  a  sufficiently  thin  film  only  the  z-component  of 
the  scattering  will  remain  finite  (*  J_  to  the  film  plane).  In  this  cm** 

(2d  spin-orbit  scattering),  both  and  are  comparable,  and  at  high  fields 
(i|»j  -*  InH)  the  er  saturates. 

The  films  are  prepared  by  aputtsrlng  Pd  onto  a  tingle  crystal  SI 

substrate.  The  Pd  and  Si  Interact  at  room  temperature,  forming  a  layer  of 
•  • 

V)OA  of  PdjSl,  with  the  remaining  Pd  above  this  layar.  (The  6A  film  may 

represent  e  different  phase) (1).  In  the  initial  study  (T  >  1.3K),  the  nr  was 
found  to  be  positive  snd  very  anisotropic,  aa  expected  for  localisation 
effects  in  tha  presence  of  strong  3d  spin-orbit  scattering.  A  detailed  com¬ 
parison  with  theory  yielded  scattering  lengths  similar  to  those  found  in  the 
present  study.  Tabic  1.  Most  files  have  similar  values  of  all  parameters 
except  1(.  This  variation  could  be  due  to  lapurlttea  Introduced  in  the 
sputtering  process  (we  estimate  chat  the  smallest  would  correspond  to 
only  about  400ppm  of  Pe);  alternatively,  it  may  be  that  the  Films  with  very 
large  were  essentially  pure  siliclde,  for  which  magnetic  Impurity 
scattering  may  be  weak  (d-bands  filled).  This  variation  in  la  responsible 
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•  »■  ■»-. t  <  g*  : :*#  i|  ;'*irtiut  .  t  (S«-  u,  at  shown  in  Flu.  I  2. 

iwo  pr  •  'urced  iwralwi  tar*  observed  in  the  data.  (1)  In  tha  lov-l^ 

!  .  I  i* .  the  «  i  t  ud«  of  the  at  it  not  monotoni<  *1 lv  increasing,  but  begins  to 
i+-  4S  T  it  ioverrc  below  (Fig  2).  (2)  Th*  high-t#  fllaa  show  an 

*r  •**« >)•  •'.*{  »  t  -’en’field  rttlttivlty  vt  T,  aowttata  having  an 

>  sVt  a  •  *t  ru.'  t  ura  rig 

">«•  nr  .  •  war*  I  *v  7  displays  yat  a  third  anomaly.  In  high  f 1*1  da  tha 
c'  is  *  •  p*'  N  A  to  1-rnMiF  logai  it  rwlral  lv  with  H,  at  obsarvcd  at  hlghar  T 
l  ig-  1'  .  .  .  nr  titur*r<  «  to  a  (laid  Indapandant  value  above  a 

;-dap#:vianr  ‘;e’.  v"uh  i-  n’y  ?I  at  T  *  .076K  (Fig.  4).  (Tha  toA  film 
ag-tir  appear*  a noma l >  ut'  .  This  saturation  is  Juat  what  would  ba  expected  for 
2-d  apln-orbi :  scattering  However,  the  earlier  fits  using  constant 
’  ‘  In  V_  !ou,d  '.'11”  eh»  1°»  t.-fll-i  <C  ■  10  in  th.  high  1,-fll—). 

\'.l  three  wiv-meltes  can  o*  understood  with  a  T-dependent  C. 

1 .  I-<ia;alan»  spin- of  bit  anisotropy 

A  cr.  .war  o .*  ;  froa  l-d  ('  *  1)  to  2d  (C  5  CJ  •*  t  fs  lowered  would 
•.mediated  explain  the  observed  change  of  high  field  mr  f roe  InH  to  constant, 
lr  would  also  account  for  the  T-dependence  of  the  mr  amplitude:  as  the 
tare  in  tq.  1  grows,  it  cancels  part  of  Finally,  th#  aaee  each  anise  can 

account  for  tha  a- shaped  curve  of  aero-field  reaiativlty  (Fig.  3).  It*  the 
st tong- )d-spln-orbU -scattering  lielt,  the  aero-field  realetlwlty  la 

■c>  •  i-  -  eid-Dut  -  }  tnUj/i.)!  ,  <J> 

o 

-here  *  is  the  residua*  resistance,  the  tere  with  (I-F)  la  due  to  electron 
ir.terac:.-*  (?),  a~d  t>-e  laat  tem  to  localisation.  **  *•*  "  %  T  l*** 

co.flltl.bt  of  U  1  -  f  -  f  for  our  fll—  T  v  0.  ,  -  7,  B>  thl.  c- 

.tMci.nt  1,  ap7r0.l--t.lv  ..to,  77>«  »1  1"  71,.  1  loclui..  •  »loch-f imctloo 

coot r ibut  lun  to  «  (1)  .t  hljh  T,  but  .t  lo—r  T  0  boto— .  vorjr  f Ut .  Mlou 

about  ...  th.  O.crrn..  lo  ~  can  b.  uodur.tootl  ..  due  to  «  nee  lojjrlth—lc 


tens,  corresponding  to  of  Eq.  1,  which  appears  when  £  becomes  two- 
dteensional . 

The  solid  curves  in  Figs.  1-4  represent  the  theory  (1)  with  parameters 
iron  Table  I.  £(T)  was  found  to  be  approximately  linear  in  T,  £(T)  -  at 
low  temperatures,  levelling  off  to  £  •  1,  at  high  T. 

4 •  Superconductivity 

We  have  observed  a  superconducting  transition  In  our  thicker  films  at 
”c  -  .25-.5K  (Fig.  5).  The  transition  appears  to  be  complete  In  the  30A  film, 
while  the  50A  film  shows  a  residual  resistivity  below  T£.  The  super¬ 
conductivity  probably  occurs  in  the  PdjSl  layer,  and  the  proximity  effect 
from  the  pure  Pd  in  the  thicker  film  drives  part  of  the  PdjSl  normal. 
Acknowledgements  :  This  research  was  supported  in  part  by  the  Reaearch 
Corporation  and  Northeastern'*  Research  and  Scholarship  Development  Fund 
(ASM  and  CiRl  and  by  NSF  Crant-Low  Temperature  Phys lca-DHR81 1-34 56 (JSB) . 
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Table  1.  Scattering  Lengths 
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Figure  4  J 

Figure  3.  7:ta’  conductance  va  T  at  various  fields  for  3£M  film.  Solid 

curves  “  theory  with  variable  £(T);  dashed  curve;  C(T)  • 

Fljrjre  - .  ',a5''>«tore*istance  of  30A  Pd  film  at  low  T.  Solid  line  •  theory, 
with  i  *  .035(0. 5K),  . 00066(0. 07SK) .  Dashed  line  *  guide  to  the  eye. 
Figure  5.  Resistance  vs  T  for  Pd  films.  Dashed  lines  •  guide  to  the  eye; 
solid  lir.e  ■  theory  of  2-d  superconducting  fluctuations  (Kef.  5J , 


•  ^-Vv 


s 


* 


UCNL- 

PHEPRINT 


Primitive  and  Composite  Ground  States  In  the 
Fractional  Quantum  Mall  Effect 


R.B.  Laughlin 

University  of  California,  Lawrence  Livermore  National  Laboratory 
P.0.  Box  808,  Livermore,  California  94550 


PRIMITIVE  AMD  COMPOSITE  GROUND  STATES 
IN  THE  FRACTIONAL  QUANTUM  HALL  EFFECT 


R.  B.  Laughlin 

University  of  California,  Lawrence  Livermore  National  Laboratory 
Livermore,  California  94550 


This  paper  was  prepared  for  submittal  to: 
Fifth  International  Conference  on 
Electronic  Properties  of  Two-Dimensional  Systems 
Oxford,  England 
September  5-9,  1983 


August  17,  1983 


ABSTRACT 

Our  theory  of  the  Fractional  Quantum  Hall  Effect  is  reviewed.  Arguments  are 
presented  that  the  fractionally  charged  quasiparticles  associated  with  the 
effect  are  fermions.  Wavefunctions  for  the  2/7  and  2/5  states  are  proposed, 
and  estimates  for  the  cohesive  energies  and  gaps  of  these  states  are  given. 

I.  INTRODUCTION 

This  paper  has  two  functions.  The  first  Is  to  review  our  theory  (1) 
of  the  Fractional  Quantum  Hall  Effect  and  supplement  It  with  some  computational 
details  we  feel  make  the  theory  more  complete.  The  second  Is  to  Introduce 
approximate  ground  state  and  excited  state  wavefunctions  for  the  2/7  and  2/5 
states  recently  discovered  by  StOrmer,  et.  al .  (2),  and  from  them  to  estimate 
tie  cohesive  energies  and  gaps  of  these  states.  Vie  describe  the  states  as 
charge  1/3  quasiparticles  of  either  sign  themselves  forming  the  1/3  state,  or 
equivalently  as  a  product  of  Jastrow-type  wavefunctions,  one  In  electrons  and 
one  in  holes.  Central  to  our  new  theory  Is  the  Idea  that  the  quasiparticles 
are  fermions. 

I I .  THE  1/3  STATE 

We  consider  a  two-dimensional  metal  in  the  x-y  plane  subject  to  a 
magnetic  field  H0  in  the  z  direction.  The  many-body  Hamiltonian  Is 


(1) 


681 


where  Zj  =  Is  a  complex  number  locating  the  jtn  electron,  V(z^)  is  the 
potential  generated  by  a  uniform  neutralizing  background  of  appropriate  charge 
density  o: 

VU)  •  -oe’  /  ^  .  (?) 
and  1  »  jpfxy-yx)  Is  the  synmetric  gauge  vector  potential.  We  restrict  our 
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attention  to  th?  lowest  Landau  level,  for  which  the  single-body  wave functions 


with  the  Magnetic  length  a0  ■  (H/«tac)1|/2  »  (Hc/eHo)1^2  set  to  1.  These  states 
are  degenerate: 

25  *  c^l*  ^n>  *  ?#wcln>  •  (*) 

liany-body  wavefunctions  comprised  of  such  states  take  the  form 

l  *  2 

*  *  y  iz  i 

*(l, . IN)  ■  P(2, . e  1  ,  (5) 

where  P  is  any  antisymmetric  polynomial.  Such  polynomials  My  always  be 


p<*i . . V  •  (s) 

where  S  Is  a  symMtric  polynomial. 

Our  approximation  to  the  1/3  state  Is  one  of  a  sequence  of  variational 
wavefunctions  of  the  form 

n  -  l  f  |*,|* 

».<*1 . V  '  •  <7> 

with  m  odd.  This  form  Is  predicated  by  the  conditions  a.)  that  the  polynomial 
prefactor  be  a  product  of  Jastrow  functions,  b.)  that  the  state  be  an  eigen¬ 
function  of  angular  aooen' m,  and  c.)  that  thi  Pauli  principle  be  obeyed.  The 
nature  of  tills  state  Is  understood  by  Interpreting  Us  square  as  the  probability 
distribution  function  of  a  classical  plasM.  Wo  let 


whore  0  *  1/m  and  t,  the  classical  potential  energy,  takes  the  form 

♦f*i . v  ■  -  * !  |  ,fti*  ■  w 

a  describes  particles  of  "charge*  a  repelling  one  another  logarithmically  and 
being  attracted  logarithmically  by  a  uniform  background  of  "charge"  density 
oj  Local  neutrality  of  this  "charge*  requires  that  the  electrons  be 

spread  out  uniformly  to  a  density  “(2»m)“!  The  Fractional  Quantum  Hall 
Effect  occurs  when  »  o,  with  o  defined  per  Eqn  (2). 

We  calculate  the  cohesive  energy  of  v  using  the  hype met ted  chain 


approximation  for  the  radial  distribution  function  g(r)  of  the  plasma,  which  Is 
equivalent  to  the  density -density  correlation  function  of  v^.  If  we  let  x  ■  r/R, 
where  R  ■  /5a  is  the  ion  disc  radius,  and  if  we  define  fourier  transforms  in 


h(k)  ■  /  h(x)  J0(x)  x  dx  , 
e 

where  J0  is  an  ordinary  Bessel  function  of  the  first  kind,  then  we  have 


g(x)  •  exp{  -$v(x)  ♦  h(x)  -  c(x)  ♦  B(x)  ) 


h(k)  -  c(k)  a  2c(k)h(k) 


with  h(x)  -  g(x)-1.  In  Eqn  (11)  we  set  exp(-0v(x))  ■  .  B(x)  Is  the  model 

bridge  function  described  by  Calllol  et.  al.  (3).  It  provides  a  smII  correction 
and  may  for  the  present  purposes  be  considered  zero.  Eqns  (11)  and  (12)  are 
solved  Iteratively,  with  the  long-range  "couload>"  divergences  handled  tn  the 

manner 

g(x)  -  exp{  h(x)  -  c#(x)  -  2mK0(Qx)  )  ,  (13) 

where  K.  is  a  modified  Bessel  function  of  the  second  kind  and  tfiere 


g(x)  is  Independent  of  the  cutoff  parameter  Q.  In  terms  of  g(x),  the  total 
energy  per  electron  Is 

Vui  ’  Tv^rr^- « ■  ( isr  f(lM  ■ 11  *•  ]  i,  ■  os) 

Solving  these  equation,  n  arrive  at  the  seoteeperlcal  fomule 

-•)  <  ' 

We  note  that  rm  as  written  describes  a  circular  liquid  drop.  To  describe  e 
drop  of  a  different  shape,  we  write 


’  l  ,(z 

»1  -  t  e  f 


where  f  Is  any  analytic  function. 


Tiie  elementary  excitations  of  are  particles  of  charge  1/m.  lie 
make  them  with  a  thought  experiment  in  which  the  liquid  is  pierced  at  zQ 
with  an  infinitely  thin  solenoid  through  which  is  passed  adiabatically  a  flux 
quantum  A*  *  hc/e.  By  gauge  invariance,  this  operation  maps  the  ground  state 
uniquely  onto  an  excited  eigenstate  of  H.  lie  have  argued  that  these  excitations 
may  be  written  approximately 


and 


.♦*0 


z0  m 


N 

1 


(IS) 


Zo  )  *, 


(19) 


for  the  quasihole  and  quasi  electron,  respectively,  with  the  understanding  in 
Eqn  (13)  that  differentiation  be  performed  only  on  the  polynomial  part  of  ▼n. 
i  A  and  a!  are  adjoint  under  the  inner  product 

•  --  /  ...  /  Tjz, . z.,)*j(z, . z|()  dXjdy,  ...  dx^dy,,  .  (20) 


That  is. 


<f>iV»' '  <AI0T>i’*»  ■ 


(21 ) 


It  is  somewhat  cleaner  to  write  A,  and  A*  in  terms  of  ladder  operators  (4): 
*o  *o 


*1.  *  J  <*t  - 

t  "  . 

\  • 


•i- 

Ih?  derivitives  in  ,j  and  .j  have  the  ordinary  meaning. 


(22) 


(?3) 


(24) 


(25) 


To  show  that  T^z°  describes  a  quasihole  of  charge  -1/m  electrons,  we 


iv°i2 


(2«) 


witli  8  K  1/m  and 

«'(z, . z;|>  •  -  2mz  ♦  fpz/-2m|tn|zri.|  .  (27) 

Eqn  (27)  describes  the  sane  plasma  as  Eqn  (9)  except  for  an  additional  phantom 
particle  of  "charge"  1  located  at  z0.  In  screening  this  phantom,  the  plasma 
accumulates  "charge"  -1,  which  is  equivalent  to  a  real  charge  of  -1/m  electrons. 

Me  calculate  the  energy  to  make  the  quasihole  using  the  two-coa^orant 
hypemetted  chain  (5): 


9lj(x)  *  exp(  -evjj(x)  ♦  h1J(x)  -  ci5(x)  )  (28) 

hiJ{k)  -  c14Ck)  ♦  2  J  hu(k)  pt  c^(k)  .  (29) 

The  indices  in  Eqns  (23)  and  (29)  run  over  two  kinds  of  particles:  1.)  electrons 
and  2.)  phantoms,  p^  is  the  density  of  each  component.  With  x  defined  as 
before  we  have  *  1  and  p2  M  l/?l.  Me  perform  perturbation  theory  In  p^: 

To  zero**  order,  the  1-1  equations  decouple  and  revert  to  Eqns  (11)  and  (12). 
Thus  we  consider  g^(x)  ■  g(x)  to  be  given.  For  g^(x)  we  have 

h12(k)  -  (1  ♦  2hll(k)>  c1?(k)  (30) 

and 

g12(x)  •  exp{  -ev]2(x)  ♦  h12(x)  -  c12(x)  }  ,  (31) 

with  exp{-ev12(x))  -  x2  .  Using  g  (x)  obtained  from  Eqns  (30)  and  (31)  we 
construct  the  change  to  g^(x)  resulting  from  the  presence  of  the  phantom.  Me 
have 

4h„(k)  .  (1  ♦  2hn(k))s  ji^tk)  V  <W) 


and 
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/ 


f  1 {*)  ^ 

6cm(k)  ■*  [  1 TT^TD  ]  6hn<x>  •  <33) 

The  energy  to  wake  a  quasihole  is  then  given  by 

4QiMSlhole  ’  (35J  6hll(‘>  dx  )  70  •  (M) 

Solving  these  equations,  we  obtain  0.026  «*/*0  for  m*3  and  0.008  e2/a0  for  m-5. 
The  16*  discrepancy  between  these  energies  and  those  quoted  in  Reference  (1)  is 
due  to  the  discovery  of  a  computer  error. 

If*  remark  that  the  above  formalism  goes  correctly  to  the  Debye- 
HOckel  limit  when  the  plasma  is  weakly  coupled.  In  that  limit,  the  size  of  the 
quasiparticle  Is  the  Oebye  length  a j/t  and  Its  energy  is  »/(4^  m1)  e2/afl. 

Me  remark  also  that  the  degeneracy  of  the  quasiparticle  band,  as  measured  by 
the  number  of  linearly  Independent  places  a  quasiparticle  can  be  created,  can 
be  seen  from  expansion  of  Eqn  (22)  In  powers  of  z0  to  be  H,  or  N-l  If  center  of 
mass  motion  is  disallowed. 

We  cen  make  a  similar  argument  for  the  quasi electron.  The  electron 
density  in  Its  presence  is  given  by 

£44.  '  -  '  |T»I,(,i . V'*  .  (35) 

"  /  •••  /  d‘idyi  d!"idj'il 

Since  for  any  polynomial  P(z)  we  have 

|2  57-  <|2  *  |f|*  .  (*) 


Eqn  (35)  may  be  rewritten 


This  Is  again  a  two -component  plasma  problem.  We  have  p(r-r0)  -  p  gl2(x)  with 
p  ■(2itm)'1and  g^2(x)  given  by  Eqns  (30)  and  (31)  wtth  exp{-8v12(x)}  ■  x2  -  1/m. 
Because  the  charge  accumulated  around  the  phantom  is  determined  by  the  long- 
range  behavior  of  v^tx),  we  have,  as  with  the  quasihole, 

/  U(r)  -  p)  dr  ■  -  l/o  .  (39) 

Placing  the  phantom  at  the  origin  and  rewriting  Eqn  (37),  we  obtain 

p(?)  -  jp$-  )  .  (40) 

Thus  p(r)  also  goes  asymptotically  to  7  ■  and  we  have 
/  (p(r)  -  p)  dr  ■  /  (p(r)  -  p”)  dr 

♦  /  (V*  w  ?•»  . «)  (  ■ ) 

.  -  i  ♦  2  I  -f &—  r-<£ 

■  r  -  2 

Boundary 

■  ♦  5  electrons  (41) 

To  calculate  Aquast electrons  .  we  Introduce  a  "pseudopotentlal"  vp$(x),  defined 
to  be  that  potential  which,  when  substituted  for  v^(*)  Eqns  (30)  and  (31), 
leads  to  g12(r)  •  p(r)/p  as  defined  by  Eqn  (40).  Justification  for  this  step 
comes  from  the  emperlcal  observation  that  classical  liquid  behavior  can  always 
De  modeled  with  a  sun  of  pair  potentials.  With  v^x)  defined  In  this  way,  we 
calculate  Aqu^t  electrons  using  Ed"*  (32)  -  (34).  We  obtain  0.030  e2/aft  for 
m*3  and  0.006  e2/a0  for  m-5. 

III.  OUASIPARTICLE  STATISTICS 

We  consider  a  liquid  drop  described  by  v^  to  be  placed  beneath  and 
parallel  to  a  similar  drop  described  by  *o  that  «n  Infinitely  thin  solenoid 
passing  through  one  passes  through  the  other  in  the  same  place.  Since  the 
adiabatic  mapping  from  the  ground  state  onto  an  excited  state  induced  by  adding 
a  flux  quantum  through  this  solenoid  Is  nominally  unitary,  the  excitations 
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generated  in  this  manner  in  the  two  system  are  in  one-to-one  correspondence. 

In  the  drop  described  by  these  excitations  are  ordinary  holes  in  a  full  Landau 
level,  and  are  thus  fermions.  Me  argue  that  excitations  in  one-to-one  corres¬ 
pondence  with  these  must  be  fermions  too.  The  following  example  Illustrates 
this  one-to-one  correspondence  and  < hows  how  It  leads  to  compatibility  between 

the  coumuti vity  of  the  operators  A  and  fernl  statistics.  Let  solenoids  be 
*0 

brought  to  zfl  and  zb  and  let  &4  be  added  simultaneously  and  adiabatfcally  through 
each.  Me  obtain  approximately 


.  -  T  11**1* 


«*1 . V,  *  V  *.  '>'•••  *«*  •  (44) 

V"1*  1  * 


f  1. 1  .  M-l-i.  \ 


A  At*  n  (z,-z )(z.-z .)  n  (z,-z.  )■  e  t  1  .  (42) 

2a  zb  *  i  1  *  1  b  J<k  J  k 

From  analysis  of  the  form  of  Eqn  (27)  It  is  clear  that  this  wavefunction,  when 
zd  and  zfa  are  far  apart,  correctly  describes  the  presence  of  two  quasi  particles, 
one  at  z#  and  one  at  zb»  even  if  nel  is  substituted.  If  z#  and  are  now 
allowed  to  coalesce  at  the  origin,  we  have  In  the  t^  drop 

2  *  !  *  -1111*1* 

K  r.  •  n  zj  n  (i,-zj  t  '  « 

oi  1  1  j<k  J  - 


V  2 


If  the  degree  of  S  is  small,  F  merely  removes  Its  center  of  mss  motion.  For 
example,  we  have 

f»2.  ■  ft1]"  •  <«> 


.-*K  , 


where  j  is  a  pemutation  and  sgn(j)  Its  sign.  This  Is  a  state  with  tv  *  adjacent 
holes,  one  in  «0|  and  one  in  <1|  (cf.  Eqn  (3)).  Me  shall  henceforth  consider 
a  symmetric  polynomial  S  to  be  an  approximate  representation  of  the  unitary 
transformation  generated,  for  example,  by  passing  flux  quanta  through  an  array 
of  solenoids,  and  that  Sv  "means"  the  same  thing  Sv,  means:  a  ground  state 

m  i  ^ 

plus  fermion  quasiholes.  Since  the  transformation  Is  unitary,  we  consider  S 
to  be  the  approximate  image  of  under  the  inverse  transformation:  a  ground 
state  plus  fermion  quasielectrons. 

Me  remark  that  care  must  be  taken  In  discussing  how  many  "locations" 
are  available  for  putting  quasiparticles  into  because  their  presence  changes 
its  nature.  An  example  of  this  Is  aJt^,  which  Is  the  drop  described  by  fm  with 
a  large  hole  in  Its  center.  To  "count"  such  states  Is  unphysical,  and  thus  we 
propose  to  count  only  the  states  of  lowest  energy,  those  with  a  minimal  number 
of  zeros  near  singularities  of  the  potential.  Me  do  this  by  mean-:  of  a  function¬ 
al  f  which  annihilates  excessively  energetic  excitations.  If  a  symmetric 
polynomial  is  expanded  in  the  manner 


where  i  *  ^  \  z^  .  As  the  degree  of  5  increases,  t’w  action  of  F  becomes 
increasingly  severe,  and  In  the  limit  that  any  exceeds  1-1,  annihilation 
occurs.  By  this  reckoning  the  nimfcer  of  low  energy  quasi holes  which  can  be  put 
Into  is  JM,  since  F  Aj|  ■  0.  Also,  we  have 

„  ,  i(:i-l)/2  ? 

fa"*1  -  (-1)  0  (zrz.  r  .  (47) 

0  J<k  J  * 

so  that  "full"  of  quasiholes  equals  v^!  likewise,  "full"  of  quasi- 
electrons  equals  v^.  It  is  Important  that  while  the  number  of  allowed  quasi¬ 
particle  states  In  this  picture  always  equals  the  number  of  electrons,  the 
quasiparticle  density  depends  on  context.  For  example,  when  n  is  small,  FAjJfn 
describes  a  state  of  n  quasiholes  of  charge  1/m  packed  to  a  density  at 
the  origin.  As  n  Increases  toward  N-l ,  however,  the  total  electron  density  at 
the  origin  goes  continuously  to  frpjfrg)  •  50  that  the  de  »ity  of  quasi particles, 
to  the  extent  It  Mkes  sense,  must  go  to  . 

IV.  THE  2/5  AND  2/7  STATES 

The  2/3  state  is  the  electron-hole  conjugate  of  the  1/3  state. 

Denoting  it  by  have 
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Z3H/2^f3^N+1  * 
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.1 

1  |; 
J<k 


(61) 


dVl4y»il  •••  dx»/2dy3N/2  .  '48) 

T3/2(2r  ...  ,zN)  Is  divisible  by  ...  ,2mJ,  the  quotient  being  a 

symmetric  polynomial  S^fZj,  •••  »*q)*  per  the  foregoing  discussion,  1* 
a  representation  of  a  unitary  transformation  generating  the  1/3  state  In  holes 
from  fy  Accordingly,  must  be  an  approximate  Image  of  the  same  trans¬ 

formation  acting  on  f  *  the  1/3  state  in  quasiholes.  We  shall  argue  that 
^3/2*3  t,ie  m  state  T^,  and  that  Is  the  2/0  state  T^. 

.1c  first  observe  that  v^2,  ^nS  the  particle-hole  conjugate  of  f^, 
is  a  variational  wavefuntlon  with  a  minimal  expectation  value  across  H.  It 
doss  this  by  being  small  when  any  two  electrons  are  close.  We  model  this 
uenavior  by  approximating  the  magnitude  of  ty2  In  the  manner 


,f3/2(z1 • 


•  »  IvV*  * 

J«k  1  x 


\iuty 
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when  It  Is  large,  a  Is  a  normalization  constant.  We  Justify  this  approximation 
on  t.iree  grounds:  a.)  It  properly  describes  the  electrons  uniformly  spread  out 
to  a  density  (3*)'!  b.)  Classical  liquids  can  always  be  described  by  pair 
potentials,  c.)  It  gives  the  correct  cones Ive  energy.  From  Eqn  (16)  we  obtain 
a  total  enjnjy  per  particle  for  t ^  of  -9.415  e*/aQ.  The  cohesive  energy  per 
pirtlcle,  deflneo  uy 

ucoh  •  <50) 

Is  -0.207  e?/a#  .  The  correct  cohesive  energy  per  particle  for  f^,  must  be 
1/2  this  value,  or  -0.1335  e?/aQ.  Substituting  3/2  for  tn  in  Eqn  (50),  we  obtain 
-0.521  e*/a#  for  the  correct  total  energy  per  particle  of  value 

generated  from  Eqn  (49)  by  substituting  3/2  for  m  In  Eqn  (16)  Is  -0.547  e2/a0. 

Tne  error  Is  5X  In  the  total  energies  and  25»  in  the  cohesive  energies.  It  Is 
possible  to  remove  tnts  disparity  with  a  more  judicious  choice  of  pair  potential. 
For  simplicity  we  elect  not  to  do  so. 

Eqn  (49)  enables  us  to  evaluate  the  properties  of  fy^  “  $3/2*3* 

Az  have 


when  it  is  large.  7 «*«  T jy  describes  electrons  uniformly  spread  out  to  a 
density  (7w)“*  with  a  total  energy  per  electron,  given  b*  Eqn  (16),  of 
-0.399  e*/a  .  For  the  2/5  state,  we  write 


I’6/2(Z1 . VI*  ■  ;j;kl1j-,i,|S 


(52) 


and  thus  estimate  a  total  energy  per  electron  of  -0.449  ez/a0.  The  connection 
between  S*/2v,  and  Eqn  (52)  Is  ad  hoc.  to  make  only  the  nebulous  argtaent 
that  represents  the  Inverse  of  the  unitary  operator  represented  by  Syg 
and  tlius  should  be  approximated  by  SjJ2  when  the  Utter  Is  defined. 

If  the  liquid  drop  described  by  fy?  or  fy2  Is  pierced  at  z0  with 
a  solenoid  through  uhleh  Is  passed  a  flux  quantum,  a  particle  of  charge  2/7 
or  2/5  Is  generated.  However,  lower  energy  particles  also  exist,  those  corres¬ 
ponding  to  an  excitation  within  the  layer  of  quasi particles  added  to  Vj.  In 
constructing  these  excitations  we  must  first  observe  that  ?3  has  charge  2/3 
excitations  which  are  not  simply  two  charge  1/3  excitations.  These  are 
generated  by  the  three-step  process  a.)  Particle-hole  conjugate  t'»e  wave- 
function.  b.)  Insert  a  solenoid  at  z0  and  pass  through  it  a  flux  quantum, 
c.)  Particle-hole  conjugate  again.  If  we  abbreviate  particle-hole  conjugation 
by  C,  then  vie  have 


c  a;  c 

*0 


(53) 


and 


C  A  C 
*o 


(54) 


for  the  operators  creating  a  quasihole  and  quaslelectron,  respectively,  of 
charge  1-1/m  In  Similarly,  these  operators  create  quasi particles  of  charge 
1/3  in  ty2  wh^  have  a  lower  energy  than  do  the  excitations  of  charge  2/3. 
These  charge  1/3  excitations  give  rise  to  symetrlc  polynomials  In  the  manner 
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and  th2S«,  in  tun),  give  rise  to  excited  states  of  the  form  and 

(S*V  .  which  are  particles  of  charge  1/7  and  1/5,  respectively.  To  show 
tils,  we  aale  an  approximate  representation  of  the  magnitude  of  *** 

fom 


2  ,>  -r?|zi|2 


l\*3/2(*, . *:1>l!  •  «•  «  I  «  •  ‘  *  ■  <m> 
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This  is  correctly  a  particle  of  charge  1/3.  Calculating  the  particle  creation 
energy  using  Lqns  (13), (14)  and  (30)-(34),  we  obtain  0.034  e2/aQ  ,  which  compares 
well  with  the  value  0.026  e?/aQ  known  from  particle-hole  symmetry.  Using  this 
approximate  representation,  we  then  obtain  for  the  elementary  excitation  of 

's3/5  t3(2p  tZn^7  ■  J  lv*ol  jJk^2J’Zkl  *  1  *  ^ 

This  is  a  pjrticle  of  charge  1/7  with  a  creation  energy  of  0.005  e2/a0.  He 
obtain  similarly  for  the  ?/5  state 


2  t*  _  i5  *  7  ^2t^ 


i<sv*)%i(-i . VI*  *  :•  ;  ‘v2a»  'J'fhl  •  ‘  *  •  <“> 

This  describes  a  particle  of  charge  1/5  vilth  a  creation  energy  of  0.011  e7/afl. 

•Je  remark  finally  that  our  wavefunctlons .  while  complex,  are  similar 
to  OM25  recently  proposed  by  Kalpcrtn  (7),  though  on  different  grounds. 
for  example,  written  out  explicitly  In  his  notation,  is 


T7/2(zl- 
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